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Impact craters are elliptical in planform if the impactor's trajectory is below a threshold angle of incidence.
Laboratory experiments and 3D numerical simulations demonstrate that this threshold angle decreases as the
ratio of crater size to impactor size increases. According to impact cratering scaling laws, this implies that
elliptical craters occur at steeper impact angles as crater size or target strength increases. Using a standard
size-frequency distribution for asteroids impacting the terrestrial planets we estimate the fraction of elliptical
craters as a function of crater size on the Moon, Mars, Earth, Venus and Mercury. In general, the expected
fraction of elliptical craters is ~2–4% for craters between 5 and 100-km in diameter, consistent with the
observed population of elliptical craters on Mars. At larger crater sizes both our model and observations
suggest a dramatic increase in the fraction of elliptical craters with increasing crater diameter. The observed
fraction of elliptical craters larger than 100-km diameter is significantly greater than our model predictions,
which may suggest that there is an additional source of large elliptical craters other than oblique impact.
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1. Introduction

Impact craters are the dominant landform on nearly every solid
planetary surface in the solar system. While the vast majority of these
craters are very nearly circular in planform, a few percent of craters
show pronounced elongation of the crater in one direction (Bottke et
al., 2000; Melosh, 1989; Schultz and Lutz-Garihan, 1982).

The dominant cause of crater ellipticity is oblique impact; impact
craters are elliptical if the impactors trajectory is below a threshold
angle of incidence (Gault and Wedekind, 1978). Astrodynamical
arguments demonstrate that oblique impacts are common; the most
probable impact angle is 45° to the target plane and half of all impacts
occur at a shallower angle of incidence (Gilbert, 1893; Shoemaker,
1962). The relatively few elliptical craters on planetary surfaces
suggests that only impacts at angles less than ~12° produce elliptical
craters (Bottke et al., 2000).

The paucity of elliptical impact craters on planetary surfaces is so
apparent that circularity is often used as supporting (non-diagnostic)
evidence for the impact origin of putative terrestrial impact structures
(French and Koeberl, 2010). However, elliptical craters are an
important fraction of any crater population and recent measurements
of the largest impact basins in the Solar System, including the South
Pole-Aitkin basin on the moon, Caloris basin on Mercury, and the
putative Borealis impact basin on Mars, suggests a propensity for
elliptical crater formation in giant impacts (Andrews-Hanna and
Zuber, 2010). Hence, contrary to popular belief, impact may be more
likely to produce an elliptical crater than a circular one, in some
regimes.

A key question in predicting impact crater populations is: what
controls the elliptical crater threshold angle? The effect of impact angle
on crater ellipticity (and other measures of crater asymmetry) has been
investigated directly by experiments (Anderson et al., 2004; Burchell
andMackay, 1998; Christiansen et al., 1993;Gault andWedekind, 1978)
and numerical impact simulations (this work; Davison et al., in press;
Elbeshausen and Wünnemann, 2010), as well as indirectly by remote
sensing (Bottke et al., 2000; Herrick and Forsberg-Taylor, 2003; Schultz
and Lutz-Garihan, 1982). However, complete understanding of the
conditions under which elliptical craters are formed is lacking. In this
paper, we use evidence fromnewnumerical simulations and laboratory
experiments to develop a new scaling law for elliptical crater formation
and use this tomake testable predictions of elliptical crater populations
on planetary surfaces.

2. Elliptical crater threshold angle

The elliptical crater threshold angle, θe, is commonly defined as the
impact angle required to form a crater of ellipticity (length/width)
e=1.1 or 1.2 (Bottke et al., 2000). Laboratory-scale impact experi-
ments (Burchell and Mackay, 1998; Christiansen et al., 1993; Gault
and Wedekind, 1978) have demonstrated that θe depends on the
target material and the projectile-target density ratio. Craters formed
in strong, ductile metallic targets and strong, brittle rock targets tend
to be elliptical for impact angles up to 30–40°, whereas craters formed
in sand are only elliptical in highly oblique impacts (θb5°). This
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suggests that material strength has an important influence on θe
(Bottke et al., 2000; Gault and Wedekind, 1978); however, it is not
clear which experimentally-determined value of θe is the most
appropriate for planetary-scale cratering. θe=30° would imply a
25% probability of elliptical crater formation; whereas, θe=5° would
imply a b1% probability of elliptical crater formation.

Small-scale crater formation in cohesionless materials, such as
sand, is different to small-scale crater formation in materials with
substantial cohesive strength, such as metal or rock (Holsapple,
1993). In the case of sand, crater growth is controlled by the
competition between inertial versus gravitational and frictional
stresses. Crater growth is retarded by the weight of the displaced
target material and the frictional resistance between sand grains,
both of which are greater under higher gravity. Consequently, such
impacts are termed gravity-controlled (or gravity regime) impacts
and are most usefully quantified by an inverse Froude number gL/v2

(g is gravity, L is impactor diameter, v is impact velocity). In the
contrasting case of materials with high cohesion, crater growth is
controlled by the competition between inertial stresses and the
target's cohesive strength. Hence, these impacts are termed
strength-controlled (or strength regime) impacts and are most
usefully quantified by the ratio Y/ρv2 (ρ and Y are the density and
cohesive strength of the target, respectively). In general, the
relative influence of gravity and strength can be measured by the
ratio S=Y/ρgL. Large values of S imply strength-dominated
cratering; small values imply gravity dominated cratering. An
intermediate regime exists, which spans the range 0.1]S]10,
where both gravity and strength act to retard crater growth
(Holsapple and Schmidt, 1979). The characteristic value of Y for a
planetary surface is not well understood, but is thought to be on the
order of 1 MPa (Melosh, 1977, 1989), in which case all impacts on
Mars (for example) with an impactor diameter smaller than 10 m
are dominated by strength whereas all impacts with an impactor
diameter greater than 1 km are dominated by gravity. Hence,
laboratory impacts in sand would appear to be the best analog for
large-scale planetary impacts, but this would imply b1% probability
of elliptical crater formation.

Bottke et al. (2000) proposed a simple conceptual model to
reconcile the observed number of elliptical craters on the terrestrial
planets with the results of impact experiments. They noted that the
experimentally-determined elliptical crater threshold angle depends
on the ratio of crater diameter to impactor diameter. Using crater
scaling laws, they suggested that the appropriate threshold angle for
planetary surfaces should be ~12°, intermediate between the
experimental values for sand and metal, and consistent with the
observed number of elliptical craters. A prediction of this model is that
the elliptical crater threshold angle should increasewith impactor size
in gravity-dominated cratering (Bottke et al., 2000).

In this work we used three-dimensional numerical impact
simulations to quantify the individual effect of each impactor or
target property on θe. For several different permutations of impactor
size, impact velocity, target strength and gravity, we used the iSALE-
3D shock physics code (Amsden and Ruppel, 1981; Elbeshausen et al.,
2009) to simulate crater formation for a range of different impact
angles between 10 and 90° to the target plane (typically every 5–10°).
In all simulations the target and impactor density were the same. The
Tillotson equation of state, with parameters for aluminum or granite
(Melosh, 1989), was used to model the thermodynamic response of
the impactor and target material, but the choice of equation of state
did not influence our results. Impact velocity was varied between
5 km/s and 20 km/s; however, to limit computational expense, and to
allow future experiments to verify our results, most simulations
assumed a relatively slow impact velocity of 5–8 km/s (c.f. Table 2).
Target (and impactor) strength was modeled using a simple Drucker-
Prager strength model (see Elbeshausen et al., 2009, for details),
where the shear strength Y=Y0+kp and Y0 and k are material
constants (the cohesion and coefficient of internal friction, respec-
tively) and p is pressure. Y0 and k were chosen to span a large
parameter space that encompassed values typical for experimental
targets, both ductile (high Y0, low k) and brittle (high Y0, high k) and
values considered representative of planetary surfaces at both small
scale (low Y0, high k) and large scale (low Y0, low k). Importantly, the
range of target properties investigated implies that our results span all
cratering regimes, from strength-dominated to gravity-dominated
cratering.

For each suite of simulation results we calculated the final crater
planform, as measured at the ambient surface. From the length
(along-range diameter) and width (across-range diameter) of the
crater (at the pre-impact surface) we calculated the crater ellipticity
at each impact angle and used these data to estimate θe, the impact
angle below which the crater planform displayed an ellipticity
greater than 1.1. This typically required a linear interpolation
between two data-points of crater ellipticity versus impact angle
that bridged the critical ellipticity of 1.1. The error in estimating
the ellipticity angle in this way is approximately ±2.5°. Further
details of our modeling approach (including resolution studies
and comparison between numerical results and laboratory experi-
ments) are described in Elbeshausen et al. (2009) and Davison et al.
(in press).

Our numerical simulation results, together with the results of
laboratory experiments, show that θe is a function of impactor size,
impact velocity and target strength (Table 1). The threshold angle
increases with increasing target strength (in particular, cohesion),
impactor size and gravity, and with decreasing impact velocity. The
data in Table 1 are synthesized most usefully by considering the
elliptical crater threshold angle as a function of crater diameter
divided by impactor diameter D/L for each suite of experiments
(Bottke et al., 2000). However, D/L is a measure of cratering efficiency,
which is itself a function of impact angle; hence, we quantify the
cratering efficiency for a suite of experiments where the impact angle
varies by the ratio of crater diameter to impactor diameter for a fixed
impact angle, taken to be vertical, D⊥/L. Note that D⊥ as used to define
the cratering efficiencies in Table 1 is the diameter of the final crater as
measured at the pre-impact surface (i.e., the apparent crater
diameter). However, as no significant late-stage collapse of the crater
occurred in any of the experiments or models, the results are also
representative of the apparent transient (pre-collapse) crater diam-
eter. Indeed, as extensive transient crater collapse is an important
feature of large-scale crater formation, in the following analysis we
assume D⊥/L is a measure of the cratering efficiency of the transient
crater, rather than of the final crater, when applying our results to
large complex impact craters.

Fig. 1 shows that θe follows a single trend when plotted against
D⊥/L, regardless of the target material, impactor size or gravity. The
trend also appears to be independent of impact velocity; however, as
only one suite of simulations used an impact velocity greater than
10 km/s, additional high-velocity simulations are required to verify
this. The trend is fit well by the expression:

θe = 45
D⊥
L

� �−0:52
+ 77

D⊥
L

� �−1:85
: ð1Þ

Agreement between the results from experiments and numerical
simulations is excellent. Moreover, the trend is independent of
the cratering regime: identical behavior is observed in strength-
dominated cratering (SNN1), gravity-dominated cratering (Sbb1)
and intermediate cases. As a result, this relationship is widely
applicable (with the caveat that it is best supported for impact speeds
less than 10 km/s) and, hence, suitable for predicting elliptical crater
populations.



Table 1
Elliptical crater threshold angle as measured by laboratory experiments and numerical simulations.

Impactor diameter
L (m)

Impact velocity
v (km/s)

Target cohesion
Y0 (MPa)

Target friction coef. k Gravity
g (m/s2)

Regime Cratering efficiency
D⊥/L

Elliptical crater angle θe

1×10−3 6.4 0 0.7 9.81 Gravitya 61. 4.75
1×10−3 5 20 0 0 Strengthb 7.0 21.
1×10−3 5 200 0 0 Strengthb 3.3 37.5
1×10−3 7 200 0 0 Strengthc 4.7 25.
1×10−3 5 2 0 0 Strengthd 11.8 13.
1×10−3 5 20 0 0 strengthd 6.4 20.
1×10−3 5 200 0 0 Strengthd 3.5 34.
1×10−3 10 200 0 0 Strengthd 5. 25.
1×10−3 20 200 0 0 Strengthd 6.5 21.
1×103 8 0 0.2 9.81 Gravitye 4.6 24.
1×103 8 0 0.4 9.81 Gravitye 4.29 26.
1×103 8 0 0.7 9.81 Gravitye 4.12 26.5
1×103 8 20 0.2 9.81 Intermediatee 3.86 28.
1×103 8 20 0.4 9.81 Intermediatee 3.46 30.5
1×103 8 20 0.7 9.81 Intermediatee 2.97 36.5
1×103 8 200 0.2 9.81 Intermediatee 2.3 47.
1×103 8 200 0.4 9.81 Intermediatee 2.16 49.5
1×103 8 200 0.7 9.81 Intermediatee 2.09 50.
4×103 8 0 0.2 9.81 Gravitye 3.75 29.5
4×103 8 0 0.4 9.81 Gravitye 3.6 30.
4×103 8 0 0.7 9.81 Gravitye 3.3 30.5
4×103 8 20 0.2 9.81 Intermediatee 3.03 35.
4×103 8 20 0.4 9.81 Intermediatee 2.88 37.
4×103 8 20 0.7 9.81 Intermediatee 2.65 39.
4×103 8 200 0.2 9.81 Intermediatee 2.05 51.
4×103 8 200 0.4 9.81 Intermediatee 1.99 53.
4×103 8 200 0.7 9.81 Intermediatee 1.89 55.

a Aluminum and pyrex spheres impacting quartz sand (Gault and Wedekind, 1978).
b Aluminum spheres into aluminum; strainless steel into lead (Burchell and Mackay, 1998).
c Aluminum into aluminum (Christiansen et al., 1993).
d Aluminum into aluminum of varying cohesion (this work and Davison et al., in press).
e Granite into granite of varying friction coefficient and cohesion (this work and Elbeshausen and Wünnemann, 2010).
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3. Elliptical crater populations on planetary surfaces

The utility of Eq. (1) is that it can be readily combined with crater
scaling laws (e.g., Holsapple, 1993) to estimate the elliptical crater
threshold angle as a function of impactor and target characteristics.
For example, a general scaling law for cratering efficiency in vertical
impacts D⊥/L is given by:

D⊥
L

= C
1:61gL

v2

� �
+

3:22Y
ρv2

� �β =γ� �−γ
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Fig. 1. Elliptical crater threshold angle θe as a function of the ratio of crater diameter to
impactor diameter in the vertical impact case D⊥/L. Also shown are the best-fit trend
(Eq. (1); solid line) and this trend shifted up and down by 2.5°, the estimatedmaximum
error in the elliptical threshold angle (dashed lines).
(Holsapple, 1993; Holsapple and Housen, 2007), where C, γ and β are
constants specific to the type of target material and, here, D⊥ refers to
the apparent transient crater diameter, defined as the diameter of the
crater as measured at the pre-impact surface, prior to any late-stage
collapse that may occur. The most appropriate parameters for a
planetary surface are: C=1.29, γ=0.22, β=0.28, Y=1MPa and
ρ=3000 kg/m3 (Holsapple, 1993; Melosh, 1989).

Combining Eqs. (1) and (2), Fig. 2 shows the elliptical crater
threshold angle as a function of gravity-scaled impact size (1.61gL/v2)
for three different impact velocities and the gravity regime limit
(S=0). Also shown on Fig. 2 is the corresponding impactor diameter
on Mars, assuming a constant impact velocity of 10 km/s. The
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Fig. 2. Elliptical crater threshold angle θe as a function of gravity-scaled impact size
1.61gL/v2, for three different impact velocities and for the gravity regime. Upper
abscissa shows the corresponding impactor diameter for impact on Mars
(g=3.71 m/s2; v=10 km/s).



Table 2
Model parameters for elliptical crater SFD calculation.

Planetary
surface

Surface
gravity
(m/s2)

Escape
velocity
(km/s)

Average impact
velocitya

(km/s)

Simple-to-complex
diameterb

(km)

Earth 9.81 11.2 17.2 4
Mars 3.71 5. 9.6c 7
Venus 8.87 10.6 19.2 4d

Mercury 3.7 4.25 30. 10
Moon 1.63 2.4 13. 20

a Bottke et al. (1994).
b Melosh (1989).
c Ivanov (2001).
d Assumed equivalent to Earth.

4 G.S. Collins et al. / Earth and Planetary Science Letters 310 (2011) 1–8
decrease in cratering efficiency with increasing gravity-scaled impact
size (for example, increasing impactor size at fixed velocity and
gravity) implies that the elliptical crater threshold angle increases
with the size of impact. For example, elliptical craters on Mars
are expected to form at impact angles less than about 15° for
impactors 1-km in diameter, but at angles up to 27° for impactors
100-km in diameter. Note that the present analysis does not account
for planetary curvature or atmospheric shielding and so is uncertain at
the extreme ends of the plot. Nevertheless, for small impacts target
strength may prevent the threshold angle from becoming as low as
predicted by gravity-scaling alone.

To estimate the fraction of elliptical craters as a function of size on
a given planetary surface, Eq. (1) must be incorporated into a
calculation of the crater size-frequency distribution (SFD) from a
known impactor SFD (e.g., Ivanov, 2001, and see Appendix). We have
calculated predictions of the fraction of elliptical craters as a function
of crater diameter for five planetary surfaces in the inner Solar System
(Fig. 3). Our model assumes an isotropic impactor flux and a
Maxwellian-distribution of impact velocities (bounded by the escape
velocity and an upper cutoff of 45 km/s) with a specified average
impact velocity (Table 2). We used two alternative impactor SFDs: a
simple power-law SFD with an exponent of −2 and a more realistic
impactor SFD inferred from the actual Mars crater SFD (Ivanov, 2001;
Ivanov et al., 2002). As we compute the fraction of elliptical craters for
a given crater-size range, rather than the absolute number, our model
does not depend on the total number of impactors, which varies
depending on the planet. We restrict our analysis to impact crater
diameters greater than 1 km and hence assume that transient crater
size is defined by a simplified version of Eq. (2) that neglects the effect
of cohesive target strength Y=0. Based on results of (low-velocity)
laboratory and numerical impact experiments, we assume that
transient crater diameter scales as the cube-root of the sine of the
impact angle (Elbeshausen et al., 2009; Gault and Wedekind, 1978).
Finally, we use a simple scaling law to describe the enlargement of the
transient crater during complex crater collapse (McKinnon and
Schenk, 1985) and assume that this modification does not alter the
ellipticity of the crater.

Our model suggests that the elliptical crater populations on Earth,
Mars and Venus should be very similar. Fewer elliptical craters are
expected on the Moon and Mercury, primarily due to lower surface
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Fig. 3. Predicted fraction of fresh craters that have an ellipticity greater than 1.1 as a
function of crater diameter. Black lines show the fractional elliptical crater SFD for the
five major planetary surfaces in the inner Solar System assuming a common impactor
SFD inferred from the Mars crater SFD (Ivanov et al., 2002). The thick gray curve shows
the equivalent fractional elliptical crater SFD for Earth assuming a power-law impactor
SFD with exponent −2. The thin gray horizontal lines show the 5±2% bounds on the
number of elliptical craters on the Moon, Mars and Venus, established from
observational studies (Bottke et al., 2000; Schultz and Lutz-Garihan, 1982).
gravity and greater average impact velocity, respectively. Both these
factors increase cratering efficiency, thereby reducing the elliptical
crater threshold angle and making elliptical crater formation less
likely. Due to the dependence of crater size on impact angle (a more
oblique impact produces a smaller crater), the fraction of elliptical
craters as a function of crater size is sensitive to the impactor SFD. For
a power-law impactor SFD, the fraction of elliptical craters increases
monotonically with crater size (gray curve, Fig. 3). In contrast, for a
more realistic impactor SFD the fraction of elliptical craters is
relatively constant at 2–4% for crater sizes between 5 and 100-km,
before increasing rapidly at larger crater sizes (Fig. 3).

Our model does not consider the effect of planetary curvature or
atmospheric interaction on elliptical crater formation. For planets
with an atmosphere, small impactors will decelerate during atmo-
spheric traverse and their trajectory to the target plane will steepen.
In this case, calculating the probability of elliptical crater formation is
non-trivial. The size of the largest impactor significantly affected by
atmospheric interaction depends on impactor composition, density of
the atmosphere and surface gravity.Weestimate (very approximately)
that this applies to impactors as large as 70 m(corresponding crater size
is 1.5 km) on Earth, 1 m (50 m) onMars and 5 km (35 km) onVenus. At
the other end of the crater-size spectrum, crater ellipticity may be
affectedas impactor radiusbecomes a significant fractionof the radiusof
the target planet (Andrews-Hanna and Zuber, 2010; Marinova et al.,
2008, 2011), so long as it is small enough not to cause catastrophic
disruption. Applying a simple geometric model, Andrews-Hanna and
Zuber (2010) suggested that planetary curvature is likely to increase
crater ellipticity significantly, relative to the estimates presented here
that assume a flat surface, for craters larger than ~500-km diameter on
Mars and ~250-km diameter on the Moon. However, recent SPH
calculations of giant impacts suggest that planetary curvaturemay have
little influence on crater ellipticity, particularly when impact velocity is
greater than a few km/s (Marinova et al., 2011).

4. Comparison with observations

Our model predictions are consistent with observations that show
5 ±2% of impact craters (in the 5–100-km diameter size range) on the
Moon, Mars and Venus are elliptical (eN1.1−1.2; Bottke et al., 2000;
Schultz and Lutz-Garihan, 1982). Those studies foundnodependenceon
crater size, which is also consistent with our model for the 5–100-km
diameter size range (Fig. 3). Ourmodel predicts a slightly lower fraction
of elliptical craters on theMoon relative toMars andVenus, although the
difference is likely to be hard to detect fromobservations given the small
numbers of elliptical craters. Elliptical crater statistics from Mercury
may offer a better test of the model, particularly as new data from the
MESSENGER spacecraft becomes available.

The best database for detailed testing of our model is Mars.
Thorough examinations of elliptical craters on Mars were conducted
by Schultz and Lutz-Garihan (1982) and Bottke et al. (2000) using
Viking images. Schultz and Lutz-Garihan (1982) measured martian
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craters larger than 5 km, on several young terrains, for high ellipticity
(eN1.1), butterfly-wing ejecta patterns, and other features diagnostic
of oblique impact (Gault and Wedekind, 1978). They concluded that
overall about 5±2% of craters were elliptical (and caused by oblique
impact). A similar result was obtained by Bottke et al. (2000), who
reexamined the elliptical crater dataset used by Schultz and Lutz-
Garihan (1982) and an independent elliptical crater survey (e≥1.2;
Barlow, 1988). To minimize the effect of post-impact modification
(e.g., erosion and tectonism) on crater shape many elliptical craters
from both datasets were excluded. Nevertheless, estimates of the
fraction of elliptical craters on specific units agreed to within 0.5–1%.

To supplement and extend previous studies we compiled a new
elliptical crater database (Table 3; Robbins and Hynek, 2010; Robbins,
2011) using THEMIS data (Christensen et al., 2003) and MOLA
topography data (Smith et al., 2001). In ArcGIS, craters were visually
identified in THEMIS Daytime IR planetary mosaics over-sampled to a
scale of ~1:250,000 on-screen. Crater rims were outlined using
ArcGIS's “streaming” tool by laying down one vertex every 500 m. The
combination of over-sampling visually (viewing one pixel on the map
as more than one pixel on the screen) and under-sampling in
outlining (creating one vertex for every ~5 pixels as opposed to every
pixel) helped to reduce errors in outlining rims and reduce the time
necessary for this task due to a decreased need for higher precision
manual dexterity. Vertices were recorded in decimal degrees. The
polygons representing each crater rim were then imported into Igor
Pro software where we used a non-linear least-squares (NLLS) fitting
algorithm to a circle to determine the center latitude and longitude of
each crater as well as its diameter and a similar NLLS ellipse-fit to
determine major and minor axes, tilt, and center latitude and
longitude. The NLLS algorithm accounts for map projection by
converting the decimal degrees into meters from the polygon's
centroid, accounting for the first-order spherical surface of Mars. This
is a minor correction for craters on the kilometer scale near the
equator, but it is a necessary correction for larger craters and craters at
latitudes larger than ~±30°.

After crater rims were analyzed and diameters calculated,
standard crater size-frequency distributions (SFDs) were created.
These were done by binning in multiplicative D

ffiffiffi
2

p
intervals and

center-weighting the bins based on the local SFD slope. Uncertainties
were calculated as �

ffiffiffiffi
N

p
where N is the number of craters in each bin,

following the Crater Analysis Techniques Working Group (1979). The
elliptical crater SFDwas then normalized based on the total number of
craters in each bin from the global Mars catalog (Robbins, 2011).

A four-point classification system was used to categorize each
crater's degradation/modification state, where “1” was considered
Table 3
Elliptical craters on Mars.

All cratersa Undegraded cratersb Fresh cratersc

Crater
diameter
(km)

Total
number
of
craters

Number of
elliptical
craters

Total
number
of
craters

Number of
elliptical
craters

Total
number
of
craters

Number of
elliptical
craters

9.39 77838 4904 4698 177 2963 60
13.2 6033 398 3007 124 1786 41
18.7 4683 304 2168 77 1185 21
26.2 3420 235 1436 63 645 6
36.8 2216 144 968 29 331 4
51.5 1295 60 580 16 142 2
71.8 583 35 277 12
101. 221 10 104 2
142. 68 8 19 5
204. 29 3
289. 17 5

a Craters of all degradation states (classes 1–4).
b All but the most heavily degraded craters (classes 2–4).
c Only fresh craters with (near) pristine morphology (classes 3 and 4). See text and

Robbins (2011) for more details.
highly degraded and “4” morphologically pristine. The classification
system, which is described in detail in Robbins (2011), is a
simplification of the system proposed by Barlow (2004). Craters
were manually examined and the preservation state of the rim, floor,
and ejecta were assessed by eye, and the depth/diameter ratio relative
to a fresh crater of that diameter was calculated. These characteristics
were combined to give the final 1–4 classes. Fig. 4A shows an example
of a Class 3 crater with partially buried ejecta andminor floor deposits,
while Fig. 4B shows a Class 4 crater with no obvious floor deposits,
only two minor impacts on its ejecta, and a pristine rim. In the work
presented here, a “fresh” crater is a crater with a classification of 3 or
4, while an “undegraded” crater is a crater with a classification of 2 or
higher.

Fig. 4 shows three example craters from the database that are
similar in size (~20-km diameter) but differ in ellipticity. A proportion
of elliptical craters display clear evidence of oblique impact, such as a
characteristic butterfly ejecta pattern (Fig. 4B), with a line of
C

Fig. 4. THEMIS images of example craters on Mars of similar size (~20-km diameter)
and varying ellipticity. (A) Near-circular crater (e=1.05). (B) Elliptical crater (e=1.2)
with obvious butterfly ejecta pattern symmetric about the long-axis of the crater. In this
case, ellipticity is very likely due to oblique impact. (C) Elliptical crater (e=1.25) with
less obvious ejecta. In this case, ellipticity may be due to oblique impact or some other
process, such as binary impact. Images taken from THEMIS Daytime IR mosaics at
100 mpp (Christensen et al., 2010).
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symmetry parallel to the long-axis of the elliptical crater (Gault and
Wedekind, 1978). In such cases, crater ellipticity is almost certainly
due to oblique impact. However, many other elliptical craters in the
database do not show (obvious) independent evidence of oblique
impact (Fig. 4C). In this case, crater ellipticity might be due to another
mechanism, such as closely-separated binary impact or post-impact
modification. Due to the large number of elliptical craters it was not
possible to examine each one for additional indicators of oblique
impact or signs of post-impact modification. To reduce the influence
of post-impact modification, the more conservative ellipticity thresh-
old of eN1.2 (Bottke et al., 2000) was used to define an elliptical crater.

Fig. 5 compares the modeled fraction of elliptical craters as a
function of crater diameter with the observed population of elliptical
craters on Mars. Elliptical crater numbers (Table 3) are plotted for all
degradation states (all, triangles), for all but the most-degraded
craters (undegraded, squares) and for only pristine craters (fresh,
circles). The three different crater populations show the same
qualitative trend of a constant fraction of elliptical craters for
diameters between 5 and 100 km. In general, the new observational
data plot within the range of previous estimates for the fraction of
elliptical craters on Mars (shown as gray horizontal lines). There is,
however, a systematic increase in the percentage of elliptical craters
with increasing degradation of morphology: 1.9% of fresh craters
(degradation class 3 and 4) larger than 8.5 km have an ellipticity
greater than 1.2, while the percentage of elliptical craters of the same
size rises to 3.8% for undegraded craters (class 2–4) and 6.3% for all
craters, including those most degraded (class 1). The reason for this
trend is unclear but is likely due, at least in part, to an increased
uncertainty in ellipse-fitting for highly-degraded craters where a large
section of the crater rim is missing. A non-trivial fraction of the craters
determined to be degraded and elliptical have a poorly defined rim
where less than 50% is visible. Because there are five free parameters
in the best-fit ellipse, it is significantly more likely for the fitting
algorithm to select a more elliptical best-fit ellipse for the crater when
presentedwith a partial rim outline as opposed to a near complete rim
outline. In addition, in situations where the rim is degraded it is more
likely that a feature identified as a single crater could actually be two
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Fig. 5. Fraction of elliptical Martian craters as a function of crater diameter. Solid black
line shows the model prediction for Mars using the elliptical threshold angle trend
defined by Eq. (1). Dashed black lines above and below the solid line show the
sensitivity of the model to a ±2.5° uncertainty in the threshold angle. Points show
elliptical craters on Mars, identified using THEMIS and MOLA data, for crater
populations of different degradation states (see Table 3). The crater SFDs were binned
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where N is the
number of craters in each bin. The elliptical crater SFD was then normalized based on
the total number of craters in each bin from the global Mars catalog (Robbins, 2011).
Gray horizontal lines show the 5±2% bounds on the number of fresh elliptical craters
established from previous observational studies (Bottke et al., 2000; Schultz and Lutz-
Garihan, 1982).
superimposed or doublet craters but with the tell-tale cusps of
overlapping rims completely eroded away. On the other hand, as it is
unlikely that erosion or tectonism would systematically increase
crater ellipticity, the elliptical crater statistics in the total crater
population, which includes over ten times more craters than the fresh
population, may well reflect a robust trend.

For impact crater diameters between 5 and 100 km the model
prediction and the new observational data are in qualitative
agreement, both showing that the fraction of elliptical craters is
constant (or decreases slightly) with increasing crater size. The
predicted elliptical crater SFD (craters with ellipticity greater than 1.1;
solid line) agrees well with the observed fraction of undegraded
craters with ellipticity greater than 1.2. The dashed lines in Fig. 5
illustrate the sensitivity of our predicted elliptical crater SFD to one
uncertainty in the model: the elliptical crater threshold angle, as
defined by Eq. (1). The minimum bound for our predicted population,
illustrated by the lower dashed line, which assumes an elliptical crater
threshold angle 2.5° lower than Eq. (1), is in good agreement with the
observed fraction of fresh craters with ellipticity greater than 1.2. This
is consistent with the results of numerical models and laboratory
experiments, which show that the impact angle required to form a
crater with an ellipticity of 1.2 is a few degrees below that required to
form a crater with an ellipticity of 1.1 (e.g., Burchell and Mackay,
1998; Davison et al., in press). The maximum bound for our predicted
population, illustrated by the upper dashed line, which assumes an
elliptical crater threshold angle 2.5° greater than Eq. (1), is close to but
below the new observational data for craters of all degradation states.
If this dataset is an accurate representation of the total proportion of
elliptical craters on Mars it is likely that this population also includes
elliptical craters formed by a mechanism other than oblique impact
(i.e., not included in our model), such as impact of a highly-elongated
single asteroid or a closely-separated binary asteroid.

Both the model and observations (for all craters) suggest that the
fraction of elliptical impact craters is much greater among the large
basins than among small craters. For impact crater diameters greater
than 100 km the model results and observational data show a
significant increase in the fraction of elliptical craters as a function
of crater size, although the rate of increase in the observational data is
more dramatic. The discrepancy between model and observation at
these larger crater sizes might be due in part to small number
statistics (the largest two crater size bins for the “all craters”
population include only 8 elliptical craters, see Table 3). However,
the size of the discrepancy suggests that there may be an additional
source of elliptical craters. Alternatively, it may suggest that one (or
more) of our model assumptions is incorrect at large sizes. In
particular, the assumed impactor SFD may be inappropriate or crater
collapse may actually enhance, rather than simply preserve, crater
ellipticity. Large-scale target heterogeneity, such as variations in
crustal thickness, may also enhance the ellipticity of large craters. For
craters larger than 500-km in diameter the curvature of Marsmay also
influence crater ellipticity (Andrews-Hanna and Zuber, 2010);
however, the effect of target curvature on crater ellipticity is not
fully understood (Marinova et al., 2011). Future work will quantita-
tively examine these hypotheses.

5. Discussion

Our analysis of 3D numerical impact simulations and laboratory
experiments demonstrates that the threshold impact angle below
which an elliptical (eN1.1) crater is formed is a function of cratering
efficiency, regardlessof the targetmaterial or cratering regime. A simple,
intuitive geometric rationale for this relationship was discussed by
Bottke et al. (2000) based on the impact-explosion analogy (Gifford,
1924, 1931; Ives, 1919). Numerical simulations permit further insight
into this relationship. In an oblique impact the nascent crater exhibits a
maximum ellipticity a short time after the projectile contacts the target
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surface, although (based on our numerical simulations) this never
approaches theprojection of the impactor onto the target plane (i.e., L/(L
sin θ)). At this early stage of crater growth the inertial stresses are so
high that the influences of gravity and strength are insignificant and so
do not affect crater ellipticity. As the crater expands the planform
progressively loses its asymmetry and the effects of gravity (the weight
of the displaced mass) and strength begin to arrest crater growth. The
greater the weight of the displaced mass and/or the strength of the
target, the earlier crater growth is ceased and, consequently, the more
elliptical the final crater. For the same reason, other features indicative
of oblique impact are also likely to be more evident in large impact
craters (Schultz, 1992).

Using the results of our analysis, we have calculated the expected
fraction of elliptical craters as a function of crater size for the terrestrial
planets and compared our predictions with new observational data
fromMars. Our results suggest that for crater diameters between 5 and
100 km, 2–4% of craters in a fresh impact crater population on the
terrestrial planets are expected to be elliptical, consistentwith the lower
bound of previous estimates (Bottke et al., 2000; Schultz and Lutz-
Garihan, 1982). A newdatabase ofMartian craters derived fromTHEMIS
andMOLAdata (Robbins, 2011;Robbins andHynek, 2010) suggests that
2%of fresh craters and6%of all craters in this size range are elliptical. It is
possible that the larger fraction of elliptical craters observed in the total
population, relative to the fresh population and that predicted by our
model, is due to uncertainty in measuring the ellipticity of heavily
degraded craters. On the other hand, the discrepancy may suggest that
the total crater population includes elliptical craters formed by both
oblique impact and an additionalmechanism, such as impact of a highly
elongated single asteroid or closely separated binary. Minor differences
in elliptical crater populationsbetweenplanets are expected, butmaybe
hard to detect. For craters larger than 100 km in diameter, the predicted
fraction of elliptical craters rises dramatically with crater size. This
prediction is supported by the observed elliptical craters on Mars. As
large impact basins are more likely to be elliptical than small and
medium size craters, they offer the best natural laboratory for oblique
impact processes.
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Appendix A. Elliptical Crater SFD calculation

Ivanov (2001) describes how to compute the size-frequency
(diameter-number) distribution (SFD) of impact craters N(ND) on a
planetary surface from a known size-frequency (diameter-number)
distribution of impactors N(NL). Central to this calculation is the
relationship:

dN
dD

= ∫vmax

vmin
∫θmax

θmin

dN
dL

dL
dD

� �
fv vð Þfθ θð Þdθ dv: ðA:1Þ

In this equation, dN/dL is the slope of the impactor SFD, dL/dD is the
derivative of impactor diameter with respect to crater diameter, fv(v)
dv is the probability of an impact of velocity between v and v+dv and
fθ(θ)dθ is the probability of impact at an angle (to the target plane)
between θ and θ+dθ. In this work, we solve this equation numerically
to calculate the SFD of elliptical craters (for which θmin=0, θmax=θe),
as well as the SFD for all craters, and use these to determine the
fraction of elliptical craters as a function of crater size. The steps and
assumptions in our approach are described below; for clarity, a
Python-script implementation of our algorithm is included in
Supporting Material.
Our general approach for solving Eq. (A.1) is to consider a single
crater size bin, of representative size D, and numerically evaluate the
double integral over impact velocity and angle to give dN/dD.
However, straightforward numerical integration of the double
integral is complicated by the fact that the relationship between
impactor size and final crater size (dL/dD) is different for small, simple
craters, which do not undergo substantial late-stage gravitational
collapse, and for large, complex craters, which do. To account for this,
we first define a set of final rim-to-rim crater diameter bins, with
intervals starting at Df=1 km and increasing by a factor of

ffiffiffi
2

p
, within

which we wish to know the fraction of elliptical craters. We then
convert these final rim-to-rim crater diameter bin intervals Df into
their corresponding apparent transient crater diameter bin intervalsD
(that is, the diameter of the pre-collapse crater as measured at the
pre-impact surface) using observational crater scaling relationships
for simple and complex craters:

Df = 1:17max D;
D1:13

D0:13
sc

 !
; ðA:2Þ

where Dsc is the simple-to-complex transition diameter on the target
surface (Collins et al., 2005; McKinnon and Schenk, 1985). In adopting
this approach, we assume that the ellipticity of the final crater is the
same as that of the transient crater.

In addition, we subdivide each transient crater size bin into many
sub-bins, with intervals spaced in a geometric progression. For each
sub-bin, we evaluate the double integral in Eq. (A.1) assuming a
constant, representative value of the transient crater diameter in the
bin D (the geometric mean of the left and right bin interval). We then
sum the results from each sub-bin to arrive at the number of elliptical
craters Ne, the total number of craters N and the fraction of elliptical
craters fe in the original, rim-to-rim, final crater diameter bin. For
example, the fraction of elliptical craters fe with transient crater
diameters between Dl and Du can be computed by evaluating the
integral:

fe Dl;Duð Þ = ∫ Du

Dl

dNe = dD
dN = dD

dD: ðA:3Þ

The outer numerical integral in Eq. (A.1) sums over impact
velocity. We approximate the probability of an impact of velocity
between v and v+dv by a Maxwellian distribution:

fv vð Þdv =

ffiffiffi
2
π

r
v−vescð Þ2

a3
exp − v−vescð Þ2

2a2

 !
dv; ðA:4Þ

where vesc is escape velocity and a is related to the average impact
velocity, vav, by a =

ffiffiffiffiffiffiffiffiffiffi
π = 8

p
vav−vescð Þ. Table 2 lists the average impact

velocity and escape velocity for each planetary surface considered
here. The minimum velocity in the integration is the escape velocity;
the maximum velocity depends upon the orbital parameters of the
impactor population and the target planet, but here we assume a
constant upper limit of 45 km/s.

The inner integral sums over impact angle. The probability of an
impact angle (to the target plane) between θ and θ+dθ for an
isotropic impactor population striking a spherical, airless, gravitating
planet is given by (Shoemaker, 1962)

fθ θð Þdθ = 2 sin θ cos θ dθ: ðA:5Þ

For the total impact crater population N(ND), the integral limits on
impact angle are 0bθbπ/2. For the elliptical crater population (Ne(ND);
all craterswith ellipticity greater than1.1), the limits are 0bθbθe, where
θe is theelliptical crater thresholdangle,which is assumed tobeconstant
in each sub-bin for a given impact velocity.We estimate θe using Eq. (1),
where D⊥/L is the vertical impact cratering efficiency for the transient
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crater diameter D. We note that, in reality, some craters in a single sub-
bin will be formed by oblique impact of a larger projectile, whereas
others will be formed by a steep impact of a smaller projectile. In each
case, the vertical-impact cratering efficiency will be slightly different
(because the projectile size differs), implying that the elliptical
threshold angles will differ. However, we have verified by Monte-
Carlo simulation that for small enough transient crater size bins (i.e., by
dividing the main transient crater size bin into sufficiently many sub-
bins) the error in the number of elliptical craters is very small, and our
approach is valid.

The derivative dL/dD in Eq. (A.1) can be estimated using an
empirical scaling law that relates transient crater diameter to the
impactor diameter L, surface gravity g, impact velocity and impact
angle (e.g., Eq. (2); Holsapple, 1993). Neglecting the effect of cohesive
target strength at very small crater diameters (Y=0) and rearranging
Eq. (2) as appropriate for rocky planetary surfaces, gives

D⊥ = 1:161g−0:22v0:44L0:78: ðA:6Þ

To account for the effect of impact angle on transient crater size,
we assume that transient crater volume scales linearly with the sine of
the impact angle, as suggested by low-velocity laboratory experi-
ments and numerical simulations of oblique impacts (Elbeshausen et
al., 2009; Gault and Wedekind, 1978). This assumption leads to

D = D⊥sin
1=3θ = 1:161g−0:22v0:44L0:78sin1=3θ: ðA:7Þ

Rearranging Eq. (A.7) gives:

L = 0:825g0:282v−0:564D1:282sin−0:42θ ðA:8Þ

which can easily be differentiated to give:

dL
dD

= 1:06g0:282v−0:564D0:282sin−0:42θ: ðA:9Þ

For a simple power-law impactor SFD, N(NL)=cL−b, the deriva-
tive dN/dL in Eq. (A.1) is given by

dN
dL

= −bcL− b+1ð Þ
; ðA:10Þ

which can be readily evaluated as a function of D by substituting
Eq. (A.8). Amore accuratemodel of the impactor SFD for the inner Solar
System was defined by Ivanov et al. (2002) using a relative SFD R(NL)
described by a 15th-order polynomial function of L (for Lb27 km). We
use this SFD, togetherwith the identity dN/dL≡R(NL)/L3 and Eq. (A.8) to
calculate dN/dL as a function of D. For LN27 km we assume a smooth
extrapolation of the SFD with a constant exponent of −2.
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