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in diameter andmany less than 20 km in diameter.
The highlands, because of the higher density of
impact structures, show more gravitational detail
at short wavelengths than the volcanic plains of
the maria. In comparison with the free-air gravity,
the Bouguer map is smooth at short wavelengths
because the contributions to free-air gravity from
impact craters derive mostly from their topography.
This characteristic of lunar structure facilitates the
isolation of density variations within the crust (20).
As noted in previous studies (5, 21), large impact
basins are accompanied by thinning of the crust
beneath the basin cavity, due to excavation and re-
bound associated with the impact and basin
formation process (22). In some cases, there is a
second contribution from partial fill by mare vol-
canic deposits after basin formation.

Regional comparisons of the free-air gravity
anomaly, topography (23), and Bouguer gravity
anomaly reveal features that inform understand-
ing of lunar structure and evolution. For instance,
Fig. 3A shows an area of the farside highlands
that includes the 417-km–diameter Korolev basin
as well as many complex and simple craters. The
maps also illustrate the ability of GRAIL to re-
solve Korolev’s peak ring. In contrast to previous
fields, GRAIL resolves Korolev’s central Bouguer
high to lie entirely within the central peak ring, and
the annular low to reside on the crater floor and not
beneath the walls. The observed gravitational struc-
ture implies that there is a density deficit under the
floor due either to less dense, possibly brecciated,
surface material filling the interior of Korolev but
restricted to areas outside the peak ring, or to
thickened crust produced by subisostatic depres-
sion of the crust/mantle boundary.

Also evident in Fig. 3A is the spatial manifes-
tation of the Moon’s high coherence: The free-air
map resembles the topographymap at intermediate
to short length scales. In contrast, the Bouguer
map is generally smooth; removal of the gravi-
tational attraction of topography reveals that there
is much less short-wavelength structure attributa-
ble to subsurface density variations. Thinning of
the crust beneath Korolev (24) represents the pri-
mary contribution to subsurface density variations
in this area. The negative Bouguer signature of the
rimof Doppler crater, just to the south of Korolev,
may be indicative of brecciation and/or ejecta.

A region in the western part of Oceanus
Procellarum (Fig. 3B) highlights the subsurface
structure of maria and underlying crust in this
region. Positive Bouguer gravity anomalies in the
maria are part of a pattern in western and southern
Oceanus Procellarum (Fig. 1B) that may indicate
locally denser or thicker mare material. These
Bouguer anomaliesmay help to define the bound-
ary of either the ProcellarumKREEPTerrane (25)
or of the proposed Procellarum impact basin (26).

As exemplified by Fig. 3B, gravitational evi-
dence for fully buried craters in the maria is not
abundant. The gravitational signature of a buried
crater should include two effects of opposite sign.
A contribution from the subsurface, which for
fresh craters tends to be fractured and brecciated

and therefore less dense than surrounding crust,
should produce a negative anomaly. In contrast,
because mare material is more dense than high-
land crust, a greater thickness over the floor of the
buried crater should contribute a positive anomaly.
Figure 3C shows that two partially buried craters
between 20° to 30oN and –80o to –70oE display
negative anomalies that suggest that for these struc-
tures, the contribution from subsurface structure
dominates. Systematic study of other mare re-
gions will provide insight into the thickness of
infill and the underlying highland structure (27).

Results from GRAIL’s PM provide a detailed
view of the structure of the lunar crust and bring
quantitative geophysical description of the inter-
nal structure of the Moon into a spatial realm
commensurate with the scale of surface geolog-
ical features. More broadly, the observed gravi-
tational structure increases understanding of the
role of impact bombardment on the crusts of
terrestrial planetary bodies.
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High-resolution gravity data obtained from the dual Gravity Recovery and Interior Laboratory (GRAIL)
spacecraft show that the bulk density of the Moon’s highlands crust is 2550 kilograms per cubic
meter, substantially lower than generally assumed. When combined with remote sensing and sample
data, this density implies an average crustal porosity of 12% to depths of at least a few kilometers.
Lateral variations in crustal porosity correlate with the largest impact basins, whereas lateral
variations in crustal density correlate with crustal composition. The low-bulk crustal density allows
construction of a global crustal thickness model that satisfies the Apollo seismic constraints, and
with an average crustal thickness between 34 and 43 kilometers, the bulk refractory element
composition of the Moon is not required to be enriched with respect to that of Earth.

The nature of the lunar crust provides cru-
cial information on the Moon’s origin and
subsequent evolution. Because the crust is

composed largely of anorthositic materials (1),
its average thickness is key to determining the
bulk silicate composition of the Moon (2, 3)
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and, consequently, whether the Moon was de-
rived largely from Earth materials or from the
giant impactor that is believed to have formed
the Earth-Moon system (4, 5). After formation,
the crust of the Moon suffered the consequences
of 4.5 billion years of impact cratering. TheMoon
is the nearest and most accessible planetary body
to study the largest of these catastrophic events,
which were common during early solar system
evolution (6, 7). In addition, it is an ideal labora-
tory for investigating the cumulative effects of
the more frequent smaller impact events. Spatial
variations in the Moon’s gravity field are reflec-
tive of subsurface density variations, and the high-
resolution measurements provided by NASA’s
GravityRecovery and Interior Laboratory (GRAIL)
mission (8) are particularly useful for investigat-
ing these issues.

Previous gravity investigations of the Moon
have made use of data derived from radio
tracking of orbiting spacecraft, but these studies
were frustrated by the low and uneven spatial
resolution of the available gravity models (9, 10).
GRAIL consists of two co-orbiting spacecraft
that are obtaining continuous high-resolution
gravity measurements by intersatellite ranging
over both the near- and farside hemispheres of
Earth’s natural satellite (8). Gravity models at
the end of the primary mission resolve wave-
lengths as fine as 26 km, which is more than a
factor of 4 times less than any previous global
model. The mass anomalies associated with
the Moon’s surface topography are one of the
most prominent signals seen by GRAIL (11),
and because the measured gravity signal at short
wavelengths is not affected by the compen-
sating effects of lithospheric flexure, these data
offer an opportunity to determine unambig-
uously the bulk density of the lunar crust. The
density of the crust is a fundamental property
required for geophysical studies of the Moon,
and it also provides important information on
crustal composition over depth scales that are

greater than those of most other remote sensing
techniques.

The deflection of the crust-mantle inter-
face in response to surface loads makes only
a negligible contribution to the observed grav-
ity field beyond spherical harmonic degree
and order 150 (12). At these wavelengths, if
the gravitational contribution of the surface
relief were removed with the correct reduction
density, the remaining signal (the Bouguer
anomaly) would be zero if there were no other
density anomalies present in the crust. An es-
timate of the crustal density can be obtained
by minimizing the correlation between surface
topography and Bouguer gravity. To exclude
complicating flexural signals, and to interpret
only that portion of the gravity field that is
well resolved, we first filtered the gravity and
topography to include spherical harmonic de-
grees between 150 and 310. Gravity and topog-
raphy over the lunar maria, areas of generally
low elevation resurfaced by high-density basal-
tic lava flows, were excluded from analysis,
because their presence would bias the bulk den-
sity determination.

For our analyses, the correlation coeffi-
cient of the Bouguer gravity and surface to-
pography was minimized using data within
circles that span 12° of latitude. Analyses were
excluded when more than 5% of the region was
covered by mare basalt and when the mini-
mum correlation coefficient fell outside the 95%
confidence limits as estimated from Monte Carlo
simulations that used the gravity coefficient

uncertainties. The average density of the high-
lands crust was found to be 2550 kg m−3, and
individual density uncertainties were on aver-
age 18 kg m−3. As shown in Fig. 1, substantial
lateral variations in crustal density exist with
amplitudes of T250 kg m−3. The largest posi-
tive excursions are associated with the 2000-km
diameter South Pole–Aitken basin on the Moon’s
farside hemisphere, a region that has been shown
by remote sensing data to be composed of rocks
that are considerably more mafic, and thus denser,
than the surrounding anorthositic highlands
(13). Extensive regions with densities lower than
average are found surrounding the impact basins
Orientale and Moscoviense, which are the two
largest young impact basins on the Moon’s
farside hemisphere. The bulk density determina-
tions are robust to changes in size of the analysis
region by a factor of two and are robust to changes
in the spectral filter limits by more than T50 in
harmonic degree. Nearly identical bulk densities
are obtained with both a global and localized
spectral admittance approach (figs. S6 and S7).

The bulk crustal densities obtained from
GRAIL are considerably lower than the values
of 2800 to 2900 kgm−3 that are typically adopted
for geophysical models of anorthositic crustal
materials (14). We attribute the low densities to
impact-induced fractures and brecciation. From
an empirical relation between the grain density
of lunar rocks and their concentration of FeO
and TiO2 (15), along with surface elemental abun-
dances derived from gamma-ray spectroscopy
(16), grain densities of lunar surface materials
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Université Paris Diderot, Case 7071, Lamarck A, 5, rue Thomas
Mann, 75205 Paris Cedex 13, France. 2Solar System Explo-
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TX 77058, USA. 5Hawaii Institute of Geophysics and Plan-
etology, University of Hawaii, Honolulu, HI 96822, USA.
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Magnetism, Carnegie Institution of Washington, Washington,
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2300 2400 2500 2600 2700 2800 2900

Density (kg m-3)

Fig. 1. Bulk density of the lunar crust from gravity and topography data. At each point on a grid of
60-km spacing, the bulk density was calculated within circles of 360-km diameter (spanning 12° of
latitude). White denotes regions that were not analyzed, thin lines outline the maria, and solid circles
correspond to prominent impact basins, whose diameters are taken as the region of crustal thinning
in Fig. 3. The largest farside basin is the South Pole-Aitken basin. Data are presented in two Lambert
azimuthal equal-area projections centered over the nearside (left) and farside (right) hemispheres,
with each image covering 75% of the lunar surface, and with grid lines spaced every 30°. Prominent
impact basins are annotated in Fig. 3.
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may be estimated globally with a precision and
spatial resolution that are comparable to those of
the GRAIL bulk density measurements (fig. S3).
If the surface composition of the Moon is repre-
sentative of the underlying crust, the implied
porosity is on average 12% and varies regionally
from about 4 to 21% (Fig. 2). These values are
consistent with, although somewhat larger than,
estimates made from earlier longer-wavelength
gravity field observations and a lithospheric
flexure model (15). The crustal porosities in the
interiors of many impact basins are lower than
their surroundings, consistent with a reduction
in pore space by high post-impact temperatures,
which can exceed the solidus temperature. In
contrast, the porosities immediately exterior to
many basins are higher than their surroundings,
a result consistent with the generation of in-
creased porosity by the ballistic deposition of im-
pact ejecta and the passage of impact-generated
shock waves.

If the crustal density were constant at all
depths greater than the lowest level of surface
elevation, our bulk density estimates would rep-
resent an average over the depths sampled by
the topographic relief, on average about 4 km.
Because the deeper crust would not generate
lateral gravity variations under such a scenario,
this depth should be considered a minimum
estimate for the depth scale of the GRAIL den-
sity determinations. If crustal porosity were solely
a function of depth below the surface, the depth
scale could be constrained using the relationship
between gravity and topography in the spec-
tral domain, because deep and short-wavelength
mass anomalies are attenuated with altitude faster
than shallower and longer-wavelength anom-
alies. We investigated two models: one in which
the porosity decreases exponentially with depth
below the surface, and another in which a po-

rous layer of constant thickness and constant
porosity overlies a nonporous basement (12).
The upper bound on both depth scales, at 1 stan-
dard deviation, is largely unconstrained, with
values greater than 30 km able to fit the obser-
vations in most regions. Lower bounds at 1 stan-
dard deviation for the two depth scales were
constrained to lie between about 0 and 31 km.
These results imply that at least some regions of
the highlands have substantial porosity extend-
ing to depths of tens of kilometers, and perhaps
into the uppermost mantle.

Our density and porosity estimates are broadly
consistent with laboratory measurements of lunar
feldspathic meteorites and feldspathic rocks
collected during the Apollo missions. The average
bulk density of the most reliable of these measure-
ments is 2580 T 170 kg m−3 (12, 17), and the
porosities of these samples vary from about 2 to
22% and have an average of 8.6 T 5.3%. Ordinary
chondrite meteorites have a range of porosities
similar to that of the lunar samples, a result of
impact-induced microfractures (18). A 1.5-km drill
core in the Chicxulub impact basin on Earth shows
that impact deposits have porosities between 5
and 24%, whereas the basement rocks contain po-
rosities up to 21% (19). Gravity data over the Ries,
Tvären, andGranby terrestrial impact craters (with
diameters of 23, 3, and 2 km, respectively) imply
values of 10 to 15% excess porosity 1 km below
the surface (20, 21), and for the Ries, about 7%
porosity at 2 km depth. Whereas the impact-
induced porosities associated with the terrestrial
craters are a result of individual events, on the
Moon, each region of the crust has been affected
by numerous impacts.

Pore closure at depth within the Moon is like-
ly to occur by viscous deformation at elevated
temperatures; this decrease occurs over a narrow
depth interval (<5 km) (fig. S12) because of the

strong temperature dependence of viscosity (22).
From representative temperature gradients over 4
billion years, and taking into account the reduced
thermal conductivity of porous rock, this tran-
sition depth is predicted to lie between 40 and
85 km below the surface, depending on the rhe-
ology and heat fluxes assumed. Where the crust
is thinner than these values, porosity could exist
in the underlying mantle. S-wave velocity profiles
derived from the Apollo seismic data (23) suggest
that porosity extends to depths up to 15 km below
the crust-mantle interface, consistent with this
interpretation.

With our constraints on crustal density and
porosity, we constructed a global crustal thick-
ness model from GRAIL gravity and Lunar
Reconnaissance Orbiter (LRO) topography (24)
data. Our model accounts for the gravitational
signatures of the surface relief, relief along the
crust-mantle interface, and the signal that arises
from lateral variations in crustal grain density as
predicted by remote sensing data (12). Crustal
densities beneath the mare basalts were extrap-
olated from the surrounding highland values,
and because we neglect the comparatively thin
surficial layer of dense basalt (14), the total
crustal thicknesses will be biased locally, but
by no more than a few kilometers. As constraints
to our model, we used seismically determined
thicknesses of either 30 (23) or 38 (25) km near
the Apollo 12 and 14 landing sites, and we as-
sumed a minimum crustal thickness of less than
1 km because at least one of the giant impact
basins should have excavated through the en-
tire crust (14, 26). Given a porosity model of
the crust, we obtained a single model that fits
the observations by varying the average crustal
thickness and mantle density. Because some of
the short-wavelength gravity signal is the result
of unmodeled crustal signals, our inversions
make use of a spectral low-pass filter (27) near
degree 80, yielding a spatial resolution that is
60% better than previous models (28). Remote
sensing data of the central peaks of impact
craters imply some subsurface compositional
variability but do not require broad composi-
tional layering (29), at least consistent with our
use of a model that is uniform in composition
with depth.

For a first set of models, we assumed that
porosity was a function of depth below the sur-
face. With a mantle grain density of 3360 kg m−3

(30), it is not possible to fit simultaneously the
seismic and minimum thickness constraints as a
result of the relatively small density contrast at
the crust-mantle interface (12). For a second set
of models, we assumed that the porosity of the
entire crust was constant with depth. With 12%
porosity and a 30-km crustal thickness near the
Apollo 12 and 14 landing sites, a solution is found
with an average crustal thickness of 34 km and a
mantle density of 3220 kg m−3 (Fig. 3). For a
38-km crustal thickness constraint, values of
43 km and 3150 kg m−3 are found, respective-
ly. By reducing the porosity to 7%, the mantle

6 8 10 12 14 16 18 20

Porosity (%)

Fig. 2. Porosity of the lunar crust, using bulk density from GRAIL and grain density from sample and
remote sensing analyses. Image format is the same as in Fig. 1.
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density increases by about 150 kg m−3, but the
average crustal thickness remains unchanged. Iden-
tical average crustal thicknesses are obtained for a
crustal density map extrapolated from Fig. 1.
The mantle densities should be considered rep-
resentative to the greatest depths of the base of
the crust (∼80 km below the surface), and if the
grain density of mantle materials is 3360 kg m−3,
the uppermost mantle could have a porosity be-
tween 0 and 6%, consistent with our porosity
evolution model (12).

Before GRAIL, the average thickness of the
Moon’s crust was thought to be close to 50 km
(12, 14, 28). Published estimates for the bulk
silicate abundance of the refractory element alu-
minum, as summarized in table 1 of Taylor et al.
(3), fall into two categories: One group indicates
that the Moon contains the same abundance as
Earth, whereas the other suggests at least a 50%
enrichment. We used our average crustal thick-
ness with assumptions on crustal composition
that maximize the total Al2O3 in the crust to test
the limits of the refractory enrichment hypothesis.
If the lunar crust consists of an upper megaregolith
layer 5 km thick containing 28 weight percent
(wt %) Al2O3 (3), a value based largely on lunar
highland meteorite compositions, with the re-
mainder being nearly pure anorthosite, 34 wt %
Al2O3 (1), we calculate that a 34-km-thick crust
contributes 1.7 wt % to the total bulk silicate
abundance of Al2O3 for a crustal porosity of 7%.
A 43-km-thick crust contributes 2.1 wt %. The
inclusion of more mafic materials in the lower
crust would act to reduce the total abundance of
aluminum in the crust. For bulk lunar silicate
aluminum abundances to match those for Earth
(4 wt % Al2O3), the lunar mantle would need to

contain 1.9 to 2.4 wt % Al2O3, whereas a 50%
enrichment in refractory elements would require
4.1 to 4.5 wt % Al2O3. Petrologic assessments
indicate mantle Al2O3 abundances close to 1 to
2wt% (31), supporting a lunar refractory element
composition similar to that of Earth. Estimates of
Al2O3 derived from modeling the Apollo seismic
data have a broad range, from 2.3 to 3.1 wt % for
the entire mantle (32), to 2.0 to 6.7 wt % for the
upper and lowermantle (33), respectively. Although
further constraints on the composition of the deep
lunar mantle are needed, the modest contribu-
tion to the bulk lunar Al2O3 from the crust does
not require the Moon to be enriched in refractory
elements.

Crustal thickness variations on the Moon
are dominated by impact basins with diame-
ters from 200 to 2000 km. With a thinner crust,
it becomes increasingly probable that several
of the largest impact events excavated through
the entire crustal column and into the mantle
(14). Two impact basins have interior thicknesses
near zero (Moscoviense and Crisium), and three
others have thicknesses that are less than 5 km
(Humboldtianum, Apollo, and Poincaré). Re-
mote sensing data show atypical exposures of
olivine-rich materials surrounding some lunar
impact basins that could represent an admix-
ture of crustal materials with excavated mantle
materials (26), and the most prominent of these
are associated with the Crisium, Moscoviense,
and Humboldtianum basins. Our crustal thick-
ness model strengthens the hypothesis that these
impact events excavated into the mantle.

Because the crust of the Moon has experi-
enced only limited volcanic modification, and in
addition has not experienced aqueous or aeolian

erosion, theMoon is an ideal recorder of processes
that must have affected the crusts of all terrestrial
planets early in their evolution. Large impact
events were common in the first billion years of
solar system history, and the crusts of the terrestrial
planets would have been fractured to great depths,
as was theMoon. For Earth andMars, this porosity
could have hosted substantial quantities of ground-
water over geologic time (34). For planets generally
lacking groundwater, such as Mercury, crustal
porosity may have sharply reduced the effective
thermal conductivity, hindering the escape of heat
to the surface and affecting the planet’s thermal
and magmatic evolution (35).
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Ancient Igneous Intrusions and Early
Expansion of the Moon Revealed by
GRAIL Gravity Gradiometry
Jeffrey C. Andrews-Hanna,1* Sami W. Asmar,2 James W. Head III,3 Walter S. Kiefer,4
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David E. Smith,7 Sean C. Solomon,11,12 G. Jeffrey Taylor,13 Mark A. Wieczorek,14

James G. Williams,2 Maria T. Zuber7

The earliest history of the Moon is poorly preserved in the surface geologic record due to the
high flux of impactors, but aspects of that history may be preserved in subsurface structures.
Application of gravity gradiometry to observations by the Gravity Recovery and Interior Laboratory
(GRAIL) mission results in the identification of a population of linear gravity anomalies with lengths
of hundreds of kilometers. Inversion of the gravity anomalies indicates elongated positive-density
anomalies that are interpreted to be ancient vertical tabular intrusions or dikes formed by
magmatism in combination with extension of the lithosphere. Crosscutting relationships support
a pre-Nectarian to Nectarian age, preceding the end of the heavy bombardment of the Moon.
The distribution, orientation, and dimensions of the intrusions indicate a globally isotropic
extensional stress state arising from an increase in the Moon’s radius by 0.6 to 4.9 kilometers
early in lunar history, consistent with predictions of thermal models.

Planetary gravity analyses have been limited
historically to large-scale features associ-
ated with high contrasts in density, due to

the low resolution and low signal-to-noise ratio
of the data. As a result, small-scale subsurface
structures such as faults and dikes that have been
inferred from their surface expressions have not
been resolved in the gravity field, and structures

lacking a direct surface manifestation have been
largely undocumented. This situation has posed a
challenge for studies of the early evolution of the
Moon, because the near saturation of the surface
by impact craters has erased much of the geo-
logical record from the first ~700 million years
(My) of lunar history (1), spanning the critical
period of time between the solidification of the
lunar magma ocean and the end of major impact
basin formation ~3.8 billion years ago (Ga) (2).
Data from the Gravity Recovery and Interior
Laboratory (GRAIL) mission (3) now permit the
expansion of the gravity field to spherical har-
monic degree and order 420 (model GL0420A),
corresponding to a half-wavelength resolution of
~13 km at the lunar surface (4). This resolution is
sufficient to resolve short-wavelength density anom-
alies, such as intrusions that have a higher density
than the surrounding rocks and faults that offset
layers of differing density.

Here, we apply the technique of gravity
gradiometry to the GRAIL gravity field, using
the second spatial derivatives of the gravitational
potential to highlight short-wavelength features
associated with discrete structures (5). In terres-
trial applications, gradients are typically measured
directly by a three-axis gradiometer on an aerial
or satellite-borne platform (5, 6), but in our work,
we calculated the gradients from the potential

field. To emphasize subsurface structures, we used
gradients of the Bouguer potential (calculated as
the difference between the measured gravitation-
al potential and the potential arising from the
effects of topography) (4). We then calculated the
maximum amplitude of the second horizontal
derivative of the Bouguer potential at each point
on the surface [Γhh, measured in Eötvös units (E),
where 1E = 10−9 s−2 (7)]. The resulting horizontal
Bouguer gradient map (Fig. 1) displays a rich
array of short-wavelength structures in the lu-
nar crust.

The dominant features in the gradient map
are the ring structures surrounding the large
impact basins. These rings are also observed in
the Bouguer gravity (Fig. 1A) (4), but they are
resolved in the gradient map as discrete struc-
tures. Outside of the basins, a large number of
irregular small-scale anomalies are observed
with typical values of ±10E, probably arising
from small-scale density anomalies in the up-
per crust associated with variations in com-
position or porosity. In addition, a number of
elongated linear gravity anomalies (LGAs) char-
acterized by negative gradients stand out clear-
ly above the background variability. Four of
the LGAs have lengths exceeding 500 km (Fig.
2). These anomalies closely follow linear paths
(great circles) across the surface to within root
mean square deviations of 1 to 3%of their lengths.
Inspection of the most distinct LGAs yields 22
probable anomalies with a combined length of
5300 km and an additional 44 possible anom-
alies with a combined length of 8160 km for a
total length of 13,460 km (Fig. 1C). An inde-
pendent automated algorithm identified 46 anom-
alies with a combined length of 10,600 km (7).
Such markedly linear structures in natural ge-
ologic systems are typically associated with faults
or dikes. Averaged profiles of the Bouguer grav-
ity anomaly perpendicular to the lineations show
these structures to be associated with narrow
positive-gravity anomalies (Fig. 3), indicating sub-
surface structures of increased density consistent
with the interpretation that the features are mafic
igneous intrusions.

We used a Monte Carlo approach to invert
the average Bouguer gravity profiles across the
LGAs for the physical properties of the subsur-
face density anomalies, treating them as tabular
bodies of unknown top depth, bottom depth,
width, and density contrast (7). A continuous set
of solutions exists with comparable misfits to
the data, as a result of the fundamental non-
uniqueness of potential field data with respect
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