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Introduction: To infer information about the popu-
lation of impacting objects, surface age and subsurface 
properties from a planet’s crater population requires a 
fundamental understanding of how the size and shape of 
each impact crater relates to the properties of the im-
pactor and target. This is known as impact crater scal-
ing. While recent progress has improved our under-
standing of crater scaling for small, simple craters [1] 
and the largest (>300-km) mega-basins [2, 3], impactor-
to-crater scaling of mid-sized, so-called “complex” cra-
ters, 10-300 km in diameter, remains elusive and con-
troversial [4]. Here we re-evaluate crater scaling rela-
tionships for this important size range of craters using 
updated observational data and new numerical simula-
tions. 

Conventional crater scaling: Crater scaling is of-
ten divided into two steps. So-called transient crater 
scaling equations relate impactor and target properties 
to dimensions of the initial cavity produced by shock-
driven excavation. They are well established [5] from a 
combination of laboratory experiments [6] and numeri-
cal simulations [1]. Scaling of transient-to-final crater 
dimensions, on the other hand, is much more conten-
tious. It entails an additional calculation that accounts 
for the enlargement of the transient crater during grav-
ity-driven collapse. This is often based on simple geo-
metric models constrained by observations [7]. For 
small craters, linear scaling is often assumed, enlarging 
the crater by a constant 15-30%. For large craters, how-
ever, the enlargement factor can be substantially greater 
and increases nonlinearly with crater size. It is typical to 
use a complex crater scaling relationship of the form: 
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where 𝐷", 𝐷. and 𝐷/0 are the final rim-to-rim diameter, 
transient (preimpact-level) diameter and simple-to-
complex transition diameter on the host planet, respec-
tively. 𝛾 and 𝜂 are empirically determined constants. 

Together, the scaling equations for transient crater 
size and transient-to-final crater size relate impactor 
properties (size, density, speed and trajectory angle) to 
crater dimensions for a given planetary surface 
(strength, density and gravity) via power-laws [8]. 

Crater scaling crisis? This widely-used conven-
tional approach to crater scaling has recently been chal-
lenged. Bottke et al. [4] showed that conventional com-
plex crater scaling relationships [8], when applied to the 
well-characterized size-frequency distribution (SFD) of 
1-10 km Near Earth Objects (NEOs), are incompatible 

with the observed SFDs of 10-200 km diameter craters 
on Mercury, Venus, the Moon, and Mars formed over 
the last ~3 Gyr. Instead, the crater SFD in each case is 
remarkably consistent with the observed NEO SFD 
when a simple linear scaling is applied, in which crater 
diameter 𝐷" is a factor	𝑓 ≈ 24 times impactor diameter 
𝐿 (referred to here as 𝑓24 scaling). For large complex 
craters the difference between these two scaling ap-
proaches is profound; for a 200-km crater the difference 
is a factor >2 in impactor diameter and 10 in mass and 
energy. 

Complex crater scaling revisited: In a first attempt 
to reconcile 𝑓24 scaling with conventional crater scal-
ing, we make the assumption that conventional transient 
crater scaling relationships [5] are valid and seek a com-
plex crater collapse scaling relationship (Eq. 1) that 
gives 𝑓 = 𝐷"/𝐿 as close as possible to 24 for typical im-
pact scenarios on the terrestrial planets (and the Moon). 
Linear scaling between impactor and final crater diam-
eter (for all else constant) requires 𝜂 = 0.28 (for a non-
porous target), and for 𝛾 = 1.49 we find 𝑓-values of 
23.2 for Earth, 24.4 for the Moon, 26.4 for Venus, 18.4 
for Mars and 30.5 for Mercury. 𝑓-values closer to 24 for 
Mars and Mercury require a faster and slower average 
impact speed, respectively, than our adopted values of 
10 km/s and 40 km/s. 

 
Figure 1: Crater enlargement resulting from complex crater 
collapse as a function of crater size (relative to the simple-to-
complex transition diameter) according to four complex crater 
collapse scaling relationships (Eq. 1). The blue region spans 
the limits permitted by complex crater observation (Fig. 2); 
the dashed curve defines a hypothetical upper limit in which 
collapse occurs with no reduction in crater volume. 
 
The final-to-transient crater enlargement factor 𝐷"/𝐷. 
implied by this complex crater scaling relationship is 
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larger than previous proposals [7-9] and violates the 
constraint that crater collapse must reduce crater volume 
(Fig. 1). Moreover, both this complex crater scaling and 
that proposed by [9] predict enlargement factors that are 
at odds with observational constraints on the position of 
the transient crater rim within terrestrial, lunar and Ve-
nusian complex craters (Fig. 2). On the other hand, al-
ternative complex crater scaling relationships that are 
consistent with observational constraints on transient 
crater rim position imply crater enlargement factors that 
are much lower than required to achieve 𝑓24 scaling 
(Fig. 1). 

 
Figure 2: Observations from terrestrial [7], lunar [7, 10, 11], 
martian [12] and Venusian [13] craters of inner edge of rim 
terrace zone (circles) and outer edge of central uplift (trian-
gles) as a function of crater size. The position of the transient 
crater rim is constrained to be in the blue shaded region, im-
plying a final-transient crater diameter ratio of ~1.33 to 2. 

 
An independent test of complex crater scaling rela-

tionships is numerical simulation using a shock physics 
code. In an attempt to reconcile 𝑓24 scaling with nu-
merical impact simulations, we simulated complex 
crater formation using the iSALE2D/3D shock physics 
code [14-18]. To facilitate late-stage collapse of the 
transient crater we use the block model of acoustic flu-
idization [19]. The choice of baseline model parameters 
was based on previous vertical impact simulations of 
terrestrial and lunar complex craters using iSALE2D 
[20, 21]. Building on these earlier simulations, we in-
vestigated a broader range of acoustic fluidization pa-
rameters, impact speeds, impact angles and impactor 
densities. We also paid particular attention to internal 
model assumptions that might influence crater scaling, 
such as the treatment of kinetic energy that is artificially 
“lost” during the Eulerian advection step. 

Our preliminary results do not suggest an obvious 
way to reconcile numerical impact simulations with 𝑓24 
scaling for typical impact speeds and angles on Earth 
and the Moon. Enhanced acoustic fluidization, 

compared with previous simulations, can increase the 
ratio of final-to-transient crater diameter; however, ex-
cessive weakening results in a final crater that is shal-
lower than observed. For simulated craters with the ap-
propriate final depth, the ratio of final-to-transient crater 
diameter is between 1.5 and 2 for a wide range of acous-
tic fluidization parameters.  

Approximately 20% of the impact energy can be lost 
by numerical advection during a typical simulation of 
complex crater formation; however, discarding this en-
ergy results in a reduction in crater diameter of only 5% 
compared with simulations in which the lost energy is 
added back as internal energy. 

Conclusions: The appealing simplicity of 𝑓24 scal-
ing and its success at reproducing complex crater popu-
lations in the inner solar system when combined with 
the modern NEO flux warrants a detailed reevaluation 
of complex crater scaling relationships. However, our 
work thus far suggests that 𝑓24 scaling is incompatible 
with modern numerical impact simulations, structural 
observations of complex craters and well-established 
conventional crater scaling relationships. 
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