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[1] The transient crater is an important impact cratering
concept. Its volume and diameter can be used to predict
impact energy and momentum, impact melt volume, and
maximum depth and volume of ejected material. Transient
crater sizes are often estimated using scaling laws based on
final crater rim diameters. However, crater rim estimates,
especially for lunar basins, can be controversial. Here, we
use numerical modeling of lunar basin-scale impacts to
produce a new, alternative method for estimating transient
crater radius using the annular bulge of crust observed
beneath most lunar basins. Using target thermal conditions
appropriate for the lunar Imbrian and Nectarian periods, we
find this relationship to be dependent on lunar crust and
upper mantle temperatures. This result is potentially impor-
tant when analyzing lunar basin subsurface structures
inferred from the GRAIL mission. Citation: Potter, R. W. K.,
D. A. Kring, G. S. Collins, W. S. Kiefer, and P. J. McGovern
(2012), Estimating transient crater size using the crustal annular
bulge: Insights from numerical modeling of lunar basin-scale
impacts, Geophys. Res. Lett., 39, L18203, doi:10.1029/
2012GL052981.

1. Introduction

[2] The transient crater, an ephemeral form of the evolving
crater marking the transition between excavation and col-
lapse, is an important concept in impact cratering. Numerical
and laboratory experiments have shown, for small craters,
that transient crater volume and diameter can be used to
predict, with reasonable accuracy, impact energy and
momentum [Holsapple, 1982; Schmidt and Housen, 1987],
impact melt volume [Cintala and Grieve, 1998], and maxi-
mum depth and volume of ejected material. Using field and
remote observations of, respectively, terrestrial and lunar
complex craters, scaling laws have been developed to esti-
mate transient crater size based on observed crater rim dia-
meters [e.g., Croft, 1985; Holsapple, 1993]. However,
distinguishing the crater rim and therefore crater size, espe-
cially for large multi-ringed impact basins, is not trivial.
Some basins have multiple crater rim estimates and this can
lead to potentially significant errors in transient crater size
estimates. The suitability of using scaling laws, based on

observations of relatively small complex craters (where the
structural relationship between the final and transient crater
is clear), to infer transient crater radii from basin-scale fea-
tures whose genetic link to the transient crater is less clear, is
also questionable.
[3] An alternative way to estimate the transient crater radii

of large lunar basins may be to use characteristic crustal
thickness patterns observed under basins. Crustal thickness
profiles, inferred from gravity and topography data, across
the majority of large lunar basins show a relative thinning
of crust beneath the basin center, surrounded by an annulus
of relatively thickened crust (Figure 1) [Wieczorek and
Phillips, 1999; Hikida and Wieczorek, 2007]. Crustal thick-
ening is a result of crater excavation and collapse: overturn of
crater-ejected material on to the target surface and inward
collapse driven by the subsequent increase in overburden on
the lithosphere [Andrews-Hanna and Stewart, 2011]. Here
we propose that the radius of this crustal annulus (rca;
measured at its greatest thickness - the bulge) is directly
related to the transient crater radius (rtc). We perform over
two dozen lunar basin-forming numerical simulations to
determine a scaling relationship between rca and rtc. These
simulations use target thermal conditions suitable for the
latter stages of the lunar basin-forming epoch �4 Ga. We
find that the relationship between rca and rtc is dependent on
the thermal state of the lunar crust and upper mantle. Our
relationship provides an independent estimate of transient
crater radius and may aid analysis of GRAIL-inferred lunar
basin crustal structures.

2. Methods

[4] We used the 2D iSALE hydrocode [Amsden et al.,
1980; Collins et al., 2004; Wünnemann et al., 2006], previ-
ously used to model large-scale impacts such as Chicxulub
[Collins et al., 2008] and South Pole-Aitken [Potter et al.,
2012], to model vertical (90�) lunar basin-forming impacts.
A 3D hydrocode could be used to model oblique (<90�)
impacts, but it would carry a high computational cost and
cannot compete with the higher resolution capabilities of 2D
models. The 2D models should also produce the correct
azimuthally averaged behavior of crater formation for mod-
erately oblique (c. 45�) impacts.
[5] An infinite half-space target was divided into crustal and

mantle layers, the former of which was 40–60 km thick, based
on gravity-derived lunar basin structures [Wieczorek and
Phillips, 1999; Hikida and Wieczorek, 2007]. A Tillotson
equation of state for gabbroic anorthosite [Ahrens and
O’Keefe, 1977] and an ANEOS equation of state for dunite
[Benz et al., 1989] were used to represent the crustal and
mantle responses, respectively, to both thermodynamic
changes and compressibility; an ANEOS equation of state for
dunite was also used for the impactor. Temperature was
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computed from internal energy in the Tillotson equation of
state using the methodology described by Ivanov et al.
[2002]. The low pressure gabbroic anorthosite phase was
chosen over the high pressure phase as its parameters are
more suited to describing the lunar crust. However, the low
pressure phase equation of state will underestimate the tem-
perature of gabbroic anorthosite in regions experiencing
shock pressures between 15 GPa (the onset of the phase
transition) and 100 GPa (the critical shock pressure for
incipient melting of the low pressure phase [Ahrens and
O’Keefe, 1977]). This will mostly affect hot crustal material
around the basin center. Shock pressures experienced in the
crust near the annular bulge, the region of importance in this
work, are less than 10 GPa and therefore modeled in an
appropriate manner by the low pressure gabbroic anorthosite
phase. Material strength was accounted for using the
strength model described by Collins et al. [2004] and a
damage model described by Ivanov et al. [2010]. Crustal
strength parameters were calculated from experimental
gabbro strength [Stesky et al., 1974; Shimada et al., 1983]
and melting [Azmon, 1967] data. Mantle strength parameters
were calculated from experimental dunite and peridotite
strength [Shimada et al., 1983; Ismail and Murrell, 1990]
data with curves for melt temperature as a function of pres-
sure taken from Davison et al. [2010].
[6] Geological materials lose strength as their temperature

increases, with all shear strength lost upon melting. How-
ever, the assumption of zero shear resistance at temperatures
above the solidus is an oversimplification as super-solidus
material will contain a mixture of melt, and hot and cold
clasts, with the clasts providing some resistance to shear. To
take this into account a partial melt viscosity of 1010 Pa � s
was applied to super-solidus material [see Potter, 2012].
This acts as a useful first approximation as the rheology and
behavior of impact-induced molten material is likely to be
more complicated [Stewart, 2011].
[7] Acoustic fluidization [Melosh, 1979; Melosh and

Ivanov, 1999], which is invoked to explain the collapse
of complex craters and the formation of peaks and rings,
is implemented in this work via the block model [Melosh

and Ivanov, 1999; Wünnemann and Ivanov, 2003]. Block
model parameters for lunar craters were chosen using the
scaling relations of Wünnemann and Ivanov [2003] and
constrained by models that reproduce the subsurface struc-
ture of the Chicxulub impact crater [Collins et al., 2008]. For
a list of model input parameters see Table S1 in the auxiliary
material.1

[8] To simulate lunar basin-forming events up to approx-
imately the size of Imbrium (�1200 km diameter), impactor
diameter was varied between 40 and 120 km with impact
velocities of 10 and 15 km/s. Cell size (varying between
1–3 km) was adjusted as a function of impactor radius to
keep a constant number (20) of cells across the impactor
radius providing a reasonable trade-off between computa-
tion time and resolution errors (Table S2 in the auxiliary
material). Consequently, computation time increased as
impactor (and cell) size decreased. Vapor production dur-
ing impact was not important here so material with a density
<300 kg/m3 was removed from calculations (a mass equiv-
alent to �1% of the mass excavated/displaced by the tran-
sient crater) to expedite computation time. A spatially
constant gravitational acceleration of 1.62 m/s2 was used in
all simulations. Impacts were modeled up to 3 hours after
initial impact. The transient crater (measured at the pre-
impact surface) was defined as forming once the transient
cavity reached its greatest volume. This is similar to the
approach of Elbeshausen et al. [2009] and provides a robust
and easily defined estimate of transient crater size for basin-
scale impacts.
[9] Thermal conditions during the latter stages of the lunar

basin-forming epoch can be roughly constrained by the
onset of mare volcanism, which began prior to the end of the
basin-forming epoch �4 Ga [Hiesinger et al., 2011]. Partial
melting at depths between 100–400 km in the mantle has
been suggested as the mare basalt source region [Heiken
et al., 1991]. In this work, we used two target thermal pro-
files (Figure 2) consistent with that constraint. Thermal
profile 1 (TP1), from Potter et al. [2012], has three com-
ponents: a crustal and upper mantle thermal gradient of
10 K/km; mantle temperatures at the solidus between 150–
350 km; and a deep (800 km) mantle temperature of 1670 K.
The second thermal profile (TP2), from Spohn et al. [2001],
has the same near-surface crustal gradient of 10 K/km;

Figure 1. Gravity-derived crustal profiles for three lunar
basins (data from Hikida and Wieczorek [2007]) showing
the annular bulge of crustal material. rca is the radial distance
of the crustal annulus from the basin center, measured at its
thickest point (dca).

Figure 2. Target thermal profiles (TP1 and TP2) assuming
a 60 km thick crust.

1Auxiliary materials are available in the HTML. doi:10.1029/
2012GL052981.
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mantle temperatures that approach (though never reach) the
solidus between 300 and 500 km; and a deep mantle tem-
perature of 1770 K.

3. Results

[10] Figure 3 illustrates the formation of the annulus of
thickened crust in the two different thermal profiles (TP1
and TP2) for identical impact energies (impactor diameter
80 km; impact velocity 15 km/s, both into a 60 km thick
crust). Upon formation of the transient crater (Figure 3a),
impact energy can no longer overcome gravity and the crater
collapses, resulting in the uplift of material from the crater
floor above the pre-impact target surface forming a central
peak, as the ejecta curtain is draped over the target surface

(Figures 3b and 3c). The peak eventually collapses back into
the target (Figure 3d), with additional uplift and collapse
phases possibly taking place (Figure 3e). Eventually the
energy dissipates and the basin formation process is com-
plete (Figure 3f). During central peak collapse (Figures 3c–
3e) the relatively warmer and weaker lower crust and upper
mantle of TP1 acts in a more ductile fashion than that of
TP2, resulting in the movement of crustal material away
from the basin center. In the case of the cooler, stronger TP2,
the lower crust acts in a more rigid manner, with material
from the collapsing central peak draping over the stronger
crust creating a thicker and more prominent crustal annulus
bulge closer to the basin center (see Figure S1 and Table S3
in the auxiliary material). The radius of the crustal annulus,
rca (measured at its greatest thickness), is therefore greater
for the impact into TP1 (486 km) than the impact into TP2
(263 km), despite their near-identical transient crater radii
(rtc) (TP1: 227 km, TP2: 223 km). The relationship between
rtc and rca and the effect of target thermal state for all
simulations is shown in Figure 4. These data include impacts
into targets with 40 and 60 km thick crusts, a suitable range
for lunar basin pre-impact crustal thicknesses. These results
suggest, for this crustal range and these thermal profiles, that
crustal thickness does not have a strong effect on the rela-
tionship between transient crater radius and crustal annulus
radius. For impacts into a Moon with TP1 the relationship is
best approximated by the equation:

rtc ¼ 5:12r0:62ca ð1Þ

For impacts with TP2 the relationship is best approximated
by the equation:

rtc ¼ 4:22r0:72ca ð2Þ

4. Discussion

[11] The simulations reveal that the basin-forming process
is sensitive to the Moon’s thermal state at the time of impact.
In general, for the same impact energy, the crust thickens
less, and more gradually, with radial distance, reaching a
maximum crustal thickness further from the crater center if
the upper mantle is warmer/weaker. In the two thermal states
investigated here, material in the crustal annulus and

Figure 3. Basin formation timesteps for identical impact
energies (impactor diameter 80 km; impact velocity 15 km/s)
into (left) TP1 and (right) TP2. See text for discussion.

Figure 4. Transient crater radius and crustal annulus radius
for simulated lunar basin-scale impacts using thermal pro-
files 1 (TP1: circles) and 2 (TP2: squares) fit by the least-
squares method.
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surrounding regions was relatively cool post-impact and no
crustal relaxation was observed in the initial few hours after
impact (the duration of the simulations). The calculated
dimensions should therefore be a fair representation of
structures in Imbrian and Nectarian aged lunar basins, which
appear to show no significant relaxation [Wieczorek and
Phillips, 1999; Hikida and Wieczorek, 2007]. We note,
however, that older pre-Nectarian basins tend to lack a
thinned crust and a prominent annular bulge [Hikida and
Wieczorek, 2007]. Bratt et al. [1985] suggest this is pri-
marily due to greater ductile flow rates in the crust during the
earlier period of lunar basin formation when crustal tem-
peratures were higher than those in the later periods.
[12] In our simulations, far more crustal material was

removed from the basin centers than that suggested by
gravity data [Wieczorek and Phillips, 1999; Hikida and
Wieczorek, 2007]. The simulated basin centers were filled
with a mixture of super-solidus, (partially and completely)
molten crustal and mantle material, in agreement with
numerical modeling of other (although larger) lunar basin-
scale impact events [e.g., Ivanov et al., 2010]. It is possible
that, over time, this molten material could cool, crystallize
and differentiate into a new crustal layer [Morrison, 1998],
explaining differences in central basin structure between the
simulations (basin structure a few hours after impact) and the
gravity data (basin structure billions of years after impact).
[13] Interestingly, the relatively high target temperatures at

the end of the lunar basin-forming epoch also appear to
mitigate the role of acoustic fluidization during the uplift and
subsequent collapse of the central peak. Acoustic fluidiza-
tion was conceived to explain how impact rock debris can
behave in a fluid-like manner on a timescale suitable for
crater collapse through the reduction of overburden pressure
during crater formation. However, in the simulations pre-
sented here, material behaved in a fluid-like manner pri-
marily because the initially hot targets are weak by virtue of
thermal softening.
[14] By applying Equations 1 and 2 to three late Nectarian/

Imbrian basins (Table 1), we find our scaling laws for TP1
and TP2 generally predict smaller and larger rtc, respec-
tively, compared to Croft [1985] and Wieczorek and Phillips
[1999]. Croft [1985] estimated rtc by reconstructing terraces
of terrestrial and lunar complex craters and relating this to
the crater rim (see their equation 9). Transient crater esti-
mations using this technique are therefore an extrapolation
of trends from far smaller craters. Wieczorek and Phillips
[1999] estimated rtc by reconstructing the excavation cav-
ity of lunar basins based on their gravity-derived crustal
structures. However, they do not take into account any lat-
eral movement of the crust during basin formation and do

not consider any new crust being formed from the melt pool.
Our estimates for the maximum thickness of the crustal
annulus, dca, for these three basins are, in general, greater
than those suggested by gravity data. Impacts into TP1
produce a lower dca, closer to the observed value, than those
into TP2 because of TP1’s warmer and more ductile crust.
This might be because of our assumed pre-impact crustal
thicknesses; if the actual pre-impact crust was thinner than
our estimates, the maximum crustal thickness would be
correspondingly lower. Our scaling laws emphasize the
important effect of the pre-impact thermal state of the Moon
and its consequences for impact cratering processes. By
implication, the relationship between transient crater dimen-
sions and impact-induced structures produced in planetary
lithospheres may differ between planets.
[15] The effect of the Moon’s thermal state is also illus-

trated by comparing our calculations for Imbrium and
Orientale. Calculated rtc values for an Orientale-size impact
into TP2 and an Imbrium-size impact into TP1 are nearly
identical (Table 1: 249 km and 248 km, respectively). If
lunar thermal conditions at two different times or locations
were comparable to our thermal states, both basins could
have been produced by the same sized impactor (for a given
impact velocity), despite their different rr and rca. As the
youngest basin, Orientale is likely to have impacted into a
cooler Moon relative to any other basin. Imbrium is also
young, however it impacted into the Procellarum KREEP
Terrane, a region of heat producing elements and higher-
than-average heat flow. Gravity data shows Orientale has a
more prominent crustal annulus bulge compared to Imbrium
which has a more gradual increase in crustal thickness and a
less distinct annular bulge (see Figure 1). Our simulations
show crustal thickness increases more gradually if the upper
mantle is warmer/weaker. The relative differences in crustal
structure between Imbrium and Orientale might therefore be
explained by virtue of different thermal conditions during
their formation.

5. Conclusions

[16] We propose a new, alternative method for estimating
transient crater size using a relationship between the radius
of the crustal annulus (measured at its greatest thickness) and
the transient crater radius based on numerical models of
lunar basin-scale impacts. The simulations show initial tar-
get temperature has a large effect on transient crater collapse
and therefore impact basin structure; impacts with identical
energies (similar size transient craters) produce very differ-
ent post-impact crustal structures. This effect of initial target
temperature should be considered when estimating transient

Table 1. Transient Crater Radius (rtc) and Crustal Annulus Thickness (dca) Estimatesa

Basin rr
b (km) rca

c (km) rtc
f (km) rtc

d (km)
rtc

e (km)
TP1

rtc
e (km)
TP2 dca

c (km)
dca

e (km)
TP1

dca
e (km)
TP2

Orientale 465 298 255 199 176 248 64 64 80
Imbrium 580 440 307 372 249 369 37 53 79
Serenitatis 460 414 252 329 216 314 50 48 73.5

aFor further information about dca, see Figure S1 and Table S3 in the auxiliary material.
bCrater rim radius. Used by Croft [1985] to calculate rtc.
cCalculated from Hikida and Wieczorek [2007].
dWieczorek and Phillips [1999].
eThis study.
fCroft [1985].
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crater sizes and could therefore be important when analyzing
lunar basin structures inferred from GRAIL.
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