
Asymmetric Distribution of Lunar
Impact Basins Caused by Variations
in Target Properties
Katarina Miljković,1* Mark A. Wieczorek,1 Gareth S. Collins,2 Matthieu Laneuville,1

Gregory A. Neumann,3 H. Jay Melosh,4 Sean C. Solomon,5,6 Roger J. Phillips,7

David E. Smith,8 Maria T. Zuber8

Maps of crustal thickness derived from NASA’s Gravity Recovery and Interior Laboratory (GRAIL)
mission revealed more large impact basins on the nearside hemisphere of the Moon than on its farside.
The enrichment in heat-producing elements and prolonged volcanic activity on the lunar nearside
hemisphere indicate that the temperature of the nearside crust and upper mantle was hotter than that
of the farside at the time of basin formation. Using the iSALE-2D hydrocode to model impact basin
formation, we found that impacts on the hotter nearside would have formed basins with up to twice the
diameter of similar impacts on the cooler farside hemisphere. The size distribution of lunar impact
basins is thus not representative of the earliest inner solar system impact bombardment.

Progress in understanding impact basins on
the Moon has been hampered by the sim-
ple fact that there is a lack of consensus on

the size of the largest basins (1–3). From an im-
pact physics perspective, themost relevant metric
for the size of a basin is the diameter of its tran-
sient cavity, but as its name implies, this structure
is short-lived and its diameter is not easily es-
timated from surface measurements (4). Most im-
pact basins on the nearside hemisphere of the
Moon have been filled by lava flows, hiding im-
portant morphological clues that could be used
for determining the size of the transient cavity.
Other impact basins have multiple rings, and it is
unclear which of these, if any, most closely ap-
proximates the transient cavity. Because the im-
pact process excavates large quantities of crustal
material and uplifts mantle material beneath the
basin center, an alternative metric for the size of a
basin is the diameter of the region of crustal thin-
ning (5–7). High-resolution gravity data obtained
fromNASA’s Gravity Recovery and Interior Lab-
oratory (GRAIL) mission (8) have provided glob-
al maps of crustal thickness on the Moon (9) that
allow for an unambiguous determination of the
region of crustal thinning for all impact basins
with diameters greater than 200 km.

GRAIL gravity data show that lateral varia-
tions in the Moon’s crustal thickness are domi-

nated by impact basins ranging in diameter from
~200 to 2000 km (9). Approximately half of those
basins formed in the Imbrian and Nectarian pe-
riods, from ~3.7 to perhaps 4.2 billion years ago
(Ga) (10, 11) (table S1). The sole exception is the
South Pole–Aitken basin, which is the oldest and
largest impact structure on the Moon, and which
we do not consider further on the grounds that it
likely formed during a much earlier epoch than
the other basins for which variations in crustal
thickness have been preserved. We quantify the
size of lunar impact basins by the diameter D of
the region of crustal thinning (1). There are 12 ba-
sins on each hemisphere with diameters greater
than 200 km and crust thinned to a few kilometers,
as resolved by GRAIL (Fig. 1). Although the to-

tal number of basins is equal on the two hemi-
spheres, their size distribution is highly asymmetric
(Fig. 2). Whereas there are eight basins on the
nearside hemisphere with diameters greater than
320 km, only one of this size is found on the
farside, and this basin (Orientale, 94°W, 20°S)
straddles the western limb of the Moon. Simu-
lations of the Moon’s impact bombardment by
near-Earth asteroids show that the difference in
cratering rate between the nearside and farside
hemispheres should be less than 1% (12) for a
large range of impact conditions. With a uniform
cratering rate, there is less than 2% probability
that eight basins with diameters greater than
320 kmwould form on the nearside and only one
such basin on the farside (fig. S1).

TheMoon shows major geological differences
between the nearside and farside hemispheres.
The nearside is dominated by the compositionally
unique Procellarum KREEP Terrane (PKT), which
is highly enriched in heat-producing and other
incompatible elements [potassium, rare-earth ele-
ments, and phosphorus (KREEP)] that likely
formed during the late stages of magma-ocean
crystallization (13, 14) (Fig. 1). More than 99%
by area of the Moon’s exposed basaltic lavas
erupted on the lunar nearside; this concentration
has been attributed to higher than average near-
sidemantle temperatures, at least in part the result
of the high concentration of heat-producing ele-
ments in the nearside crust and upper mantle
(15). The evidence for viscous relaxation of topo-
graphic relief of nearside basins (16, 17) and the
presence of mare basalts extending beyond the
confines of the surface area of thorium enrich-
ment (which defines the PKT) suggest that higher
than average subsurface temperatures surrounded
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Fig. 1. Global map of crustal thickness on the Moon derived from GRAIL gravity data. Shown is
the Procellarum KREEP Terrane (PKT; white cross-hatching), defined by the 4-ppm contour of thorium
(32), and the distribution of mare basalt (black cross ruling). Excluding the South Pole–Aitken basin (gray
circle), there are 12 impact basins with diameters of crustal thinning greater than 200 km (black circles)
on each hemisphere. This image is presented in two hemispherical Lambert azimuthal equal-area projec-
tions centered over the nearside (left) and farside (right) hemispheres.
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the PKT for a considerable interval of lunar his-
tory. Several models have been proposed to ac-
count for the hemispheric differences in volcanic
activity and heat-producing elements, all of which
predict hemispheric differences in crustal and
upper mantle temperatures (15, 18–20). We pro-
pose that hemispheric differences in subsurface
temperature and, to a lesser extent, crustal thick-
ness (9) are the cause of the asymmetric distribution
of large impact basins. We tested this hypoth-
esis using numerical simulations of impact basin
formation.

To investigate the consequences of impact
basin formation on the two lunar hemispheres,
we used the iSALE-2D shock-physics hydrocode
(21–23). Vertical impacts onto the lunar surface
were modeled with impact speeds of 10 and
17 km s–1. From available material models and
following previous work (24, 25), we used basalt
and dunite to represent the lunar crust andmantle,
respectively, and dunite to represent the impactor
(table S2). The pre-impact crustal thicknesses for
the nearside and farside were set to 30 and 60 km,
respectively. Representative subsurface temper-
ature profiles beneath the nearside PKT and the
farside hemisphere during the basin-forming epoch
(4 Ga) were obtained from a three-dimensional
thermochemical convection code (26) that included
the asymmetric heat source distribution associ-
ated with the PKT (20) and provided results sim-
ilar to those of previous asymmetric models (15)

(fig. S2). For a given impact velocity and im-
pactor diameter, six impact simulations were per-
formed, each with different temperature profiles
for each hemisphere (tables S3 and S4).

Our simulations show that lunar impact ba-
sins form via the growth of a deep, bowl-shaped
transient cavity that is gravitationally unstable
and that collapses by a combination of uplift of
the crater floor and inward collapse of the crater
rim (7, 25). The crustal structure is modified in
several ways during this process (fig. S4). During
the formation of the transient crater, crustal ma-
terial is ejected from inside the transient crater
rim and deposited outside the transient crater; this
process thins the crust inside the crater rim and
thickens it outside (fig. S4). Because the size of
the transient crater is limited by the impact en-
ergy available to displace the excavated mass in
the ambient gravity field, the diameter of crustal
thinning at this intermediate stage depends pri-
marily on the impactor mass and speed and only
weakly on the ambient temperature or crustal
thickness. However, the subsequent collapse of
the transient crater, and the consequent modifi-
cations in crustal structure, depend sensitively on
the shear strength of the crust and upper mantle,
which is a strong function of temperature. On the
cooler and stronger farside, as the mantle beneath
the crater floor is uplifted, crust beneath the tran-
sient crater rim collapses inward, forming a collar
of crust around themantle uplift and resulting in a

diameter of thinned crust that is smaller than the
transient crater diameter. In contrast, the collapse
of the transient crater on the warmer and weaker
nearside is more extensive: The mantle below the
crater floor is uplifted farther and over a much
broader region, which prevents the thickened crust
surrounding the transient crater from collapsing
back into the crater. As a result, the diameter of
crustal thinning is substantially larger on the hot
nearside than on the cold farside (Fig. 3).

The diameter of crustal thinning for a lunar
basin formed in the nearside thin crust is plotted
in Fig. 4 as a function of the diameter that would
occur for the same impact in the farside thick
crust. The crustal thinning diameter does not dif-
fer markedly between the two hemispheres when
the same temperature profile is used. Nevertheless,
as demonstrated by crustal thickness profiles in
Fig. 3, the ambient crustal thickness does have
an influence on the character of the final crustal
thickness profile. In contrast, for the same impact
conditions, the crustal thinning diameter is great-
ly affected by temperature profile. Despite form-
ing a nearly identical transient cavity, nearside
basins formed in a hot target can have diameters
of thinned crust with up to twice the diameter of

Fig. 2. Cumulative size distribution of observed lunar impact basins with diameters of crustal
thinningD greater than 200 km for both hemispheres. The nearside is shown in solid red, the farside
in solid blue. The size distribution of nearside basins after correction for lateral variations in target
properties is shown in dashed red. Hemispherical maps depict the sizes and locations of basins used in the
size-frequency distributions.

Fig. 3. Vertical cross sections of final surface
topography and depth of the crust-mantle in-
terface for three simulations of lunar impact
basin formation. (A to C) Different temperature
profiles for the farside [(A) and (B)] and nearside
(C) correspond to the lunar thermal state at 4 Ga
(M1/PKT1, fig. S2). Pre-impact crustal thicknesses
were 60 km (A) and 30 km [(B) and (C)]. The basins
were formed by the vertical impact of a 45-km-
diameter projectile at an impact speed of 17 km s–1

onto the Moon. The diameter of crustal thinning D
shown by the vertical lines is the radial distance
from basin center at which the crustal thickness
reaches the pre-impact value.
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the respective farside basins formed under similar
conditions but in cold crust. These relationships
between the diameter of crustal thinning on the
nearside and farside hemispheres are largely inde-
pendent of impact speed (from 10 to 17 km/s) and
do not depend on differences in time of basin
formation of up to a few hundred million years
(fig. S3, table S4, and supplementary text).

The empirical relations from Fig. 4 can be
used to compensate for the increase in basin size
that results from lateral variations in target prop-
erties. Given that the absolute ages of most large
lunar basins are poorly known, and that the sub-
surface temperature profile will vary both with
time and distance from the PKT, such an exercise
will be somewhat qualitative. We assumed that
basins located within the PKT formed in the hot-
test and thinnest crust, and that basins surround-
ing the PKT formed in crust of intermediate
temperature and thickness, and we then corrected
the sizes of these basins to those that would be
expected for impacts into the temperature regime
of the colder farside highlands (supplementary
text). Once lateral variations in target properties
are included, Fig. 2 shows that the size distribu-
tions of impact basins on the nearside and farside
hemispheres are comparable.

The concept of the late heavy bombardment
(a spike in the impact cratering rate at ~4 Ga)
(27–29) is based largely on the nearside impact
basins that are either within or adjacent to the

PKT. The temperature profile beneath this region
is not representative of the Moon as a whole, and
the special nature of the lunar nearside implies
that the magnitude of basin-forming impact bom-
bardment has been overestimated, mainly with
respect to the impactor mass flux. The size dis-
tribution of impact basins on the farside hemi-
sphere of the Moon is a more accurate indicator
of the impact history of the inner solar system
than that on the nearside. Lateral variations in
target properties could have affected the size dis-
tribution of impact basins on other planets, such
as Mars, which possesses a marked dichotomy in
crustal thickness between the northern lowlands
and southern highlands. A different temperature
profile, combinedwith lateral variations in crustal
temperature (30), could be responsible for the
lower density of large impact basins on Mercury
(31) than on the Moon, and higher surface tem-
peratures are likely to have played an important role
in determining the final sizes of craters on Venus.
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Fig. 4. Dependence of impact basin size on target properties. The ordinate is the diameter of
crustal thinning D for a basin formed in a hot (KREEP-enriched) and 30-km-thick crust, and the abscissa is
D for a basin formed in a cold and 60-km-thick crust, for the same size impactor. Points of the same color
correspond to simulations with different projectile diameters. Variations for a given color reflect the
different temperature profiles assumed for the nearside and farside; orange denotes the hottest
temperature profile for the nearside (M1/PKT1, fig. S2) and violet denotes the coolest (M1/PKT2, fig. S2).
The results in gray stars show D when the same temperature profile is used for both thin and thick crust.
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