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Spacecraft-to-spacecraft tracking observations from the Gravity Recovery and
Interior Laboratory (GRAIL) have been used to construct a gravitational field of the
Moon to spherical harmonic degree and order 420. The GRAIL field reveals features
not previously resolved, including tectonic structures, volcanic landforms, basin
rings, crater central peaks, and numerous simple craters. From degrees 80 through
300, over 98% of the gravitational signature is associated with topography, a result
that reflects the preservation of crater relief in highly fractured crust. The remaining
2% represents fine details of subsurface structure not previously resolved. GRAIL

GRAIL is a  spacecraft-to-
spacecraft tracking mission at the
Moon developed with heritage from
the Gravity Recovery and Climate
Experiment (GRACE) mission (8) that
is currently mapping Earth’s gravity
field and its temporal variability. Each
GRALIL spacecraft has a single science
instrument, the Lunar Gravity Ranging
System (LGRS), which measures the
change in distance between the two co-
orbiting spacecraft as they fly above
the lunar surface. The spacecraft are
perturbed by the gravitational attrac-
tion of topography and subsurface
mass variations that can be isolated and
subsequently analyzed. Doing so re-
quires correcting for perturbations due
to  spacecraft maneuvers, non-
conservative forces such as solar radia-
tion pressure and spacecraft outgas-
sing, and relativistic effects (4).

GRAIL launched successfully
from Cape Canaveral Air Force Station
on 10 September 2012, aboard a Delta-
I 7290H. The twin spacecraft em-
barked on separate low-energy trajec-
tories to the Moon via the EL-1
Lagrange point (9) and inserted into
lunar polar orbit on 31 December 2011
and 1 January 2012. After a total of 27
maneuvers (10) to lower and circular-
ize the orbits to ~55-km mean altitude

elucidates the role of impact bombardment in homogenizing the distribution of

shallow density anomalies on terrestrial planetary bodies.

The Moon is a key to deciphering the evolutionary history of the terres-
trial planets because it is the most accessible planetary body that pre-
serves a surface record spanning most of solar system history.
Reconstructing the evolution of a planet requires an understanding of the
structure of its interior, which contains information on bulk composition,
differentiation, and the nature of heat generation and heat loss that has
influenced the style, extent, and duration of volcanism and tectonics. The
Gravity Recovery and Interior Laboratory (GRAIL) mission (1) was
undertaken to map the lunar gravity field to address, in the context of
other remote sensing and in situ observations, fundamental questions on
lunar evolution.

Aside from the influence of the Moon’s gravity throughout Earth
history in producing oceanic tides, lunar gravity has been an observation
of interest since the earliest satellites orbited the Moon and revealed the
presence of mass concentrations or “mascons” associated with the large
nearside impact basins (2). The Moon’s synchronous rotation, which
causes the same hemisphere always to face Earth, poses a special chal-
lenge in measuring gravity. The most common method entails measuring
the frequency shift of the spacecraft radio signal directly from a tracking
station on Earth, but such a measurement cannot be made on the Moon’s
farside. One approach to measuring farside gravity is through the use of
a relay satellite, as was done by the recent Kaguya mission (3). Current
spherical harmonic (4) lunar gravity models derived from tracking the
Lunar Prospector and earlier orbiters (5-7) and from the more recent
Kaguya orbiter (3) range from degree and order 100 to 150, providing an
effective block size resolution of 54 to 36 km, respectively.

(figs. S1 and S2) and to align the
spacecraft to their ranging configura-
tion, GRAIL executed its Primary
mapping Mission (PM) from 1 March
2012 through 30 May 2012, transmitting to Earth 637 MB of science
data corresponding to >99.99% of possible data that could be collected.
During the PM the inter-spacecraft distance varied between 82 and 218
km (fig. S3) to provide different sensitivities to the short- and longer-
wavelength components of the gravity field. As exemplified in fig. S4,
the root mean square (RMS) range-rate residuals from the LGRS Ka-
band (32 GHz) ranging system during the PM were generally of order
0.02-0.05 pm s, a factor of two to five better than the mission require-
ments.

These observations have been integrated into a spherical harmonic
representation of the lunar gravitational field, which we denote model
GLO0420A. This model extends to degree and order 420, corresponding
to a spatial block size of 13 km. Gravity field determination requires the
application of numerous corrections (4), and emphasis in the production
of this model has been on resolving short-wavelength structure.

The global free-air gravity field of the Moon is shown in Fig. 1A,
and the Bouguer gravity in Fig. 1B. The latter reveals the gravitational
structure of the subsurface after subtraction of the expected contribution
of surface topography from the free-air gravity. As with previous lunar
gravity models, the GRAIL field shows the prominent mascons, the
largest of which are associated with nearside basins, as well as the broad
structure of the highlands. However, the much higher spatial resolution
and greatly improved signal quality compared with previous models
combine to reveal distinctive gravitational signatures of many features
not previously resolved, including impact basin rings, central peaks of
complex craters, volcanic landforms, and smaller simple, bowl-shaped
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Fig. 1. (A) Free-air and (B) Bouguer gravity anomaly maps
from GRAIL lunar gravity model GL0420A, to spherical
harmonic degree and order 420. Maps are in Molleweide
projection centered on 270°E longitude and show the
nearside on the right and farside on the left. Gravity is plotted
in units of milliGalileos, where 1000 mGal = 1 cm s2 A
crustal density of 2560 kg m™ was assumed in the Bouguer
correction. For the Bouguer map, degrees <6 have been
filtered out to highlight mid- to short-wavelength structure (4).

craters.

Understanding the spectral content of the observations facilitates in-
terpretation of the gravity maps (Fig. 2A). As with other planetary poten-
tial field representations, the RMS power of lunar gravity is greatest at
low degrees (long wavelengths) and least at high degrees (short wave-
lengths). The empirical best-fit power law to the lunar gravity field is 2.5
x 107* 172, where | is the spherical harmonic degree. The degree at which
the error spectrum intersects the power spectrum represents traditionally
the spatial scale at which the gravitational coefficients (eqs. S1 and S2)
are 100% in error. However, our best estimate of the error spectrum of
model GL0420A does not intersect the model power through degree 420,
which indicates that still higher-resolution fields may ultimately be de-
rived from GRAIL’s PM data set. It is notable that GL0420 fits late-
stage PM data (19-29 May 2012), when the periapsis altitude was ~17—
25 km, at 1-1.5 1m or 10-15 times the intrinsic quality of the Ka-band
range-rate observations. The gravitational power of LP and Kaguya are
comparable and approximately match that of GRAIL to about degree
100 (block size 54 km), but the GRAIL errors at spatial scales associated
with large to intermediate impact basins [degrees < 60 (90 km)] are 3-5
orders of magnitude smaller than those of LP and Kaguya.

Owing to its direct sampling of farside gravity, Kaguya displays a
higher coherence than LP (Fig. 2B); the Kaguya correlation peaks at

approximately degree 60 and falls off rapidly with increasing degree due
to an inability to sense the full gravitational power of smaller-scale mass
variations. The LP data exhibit overly low global coherence at all de-
grees despite the lower mapping altitude (40—100 km) than Kaguya (100
km), though a recent re-analysis of LP observations (11) that focused on
improving resolution where direct tracking is available shows a higher
nearside coherence. In contrast, GL0420A reveals a very high correla-
tion with topography to high degrees. The departure of the coherence
spectra of LP and Kaguya from the GRAIL spectrum at degrees 30 and
60, respectively, indicate that despite approximately matching the power,
these fields are significantly in error at higher degrees. Between degrees
80 (68 km) and 320 (17 km), 98.5% of the Moon’s gravity signal is at-
tributable to topography.

The magnitudes of short-wavelength Bouguer anomalies (Fig. 1B)
are consistent with the high, but not perfect, coherence shown in Fig. 2B.
Comparison of the maps shows that the range in Bouguer anomaly is
typically up to ~10% that of the free-air gravity anomaly, which trans-
lates to a 1% ratio in terms of power. The lack of perfect correlation
between gravity and topography is a result of lateral variations in subsur-
face density, such as due to the presence of magmatic intrusions. Though
this signal is small, the high-quality measurements ensure that it is easily
resolvable (Fig. 2A) at a level that permits investigation of processes
associated with impact cratering, such as brecciation, ejecta deposition
and impact melting, as well as magmatism.

In general, gravity and topography should become more highly cor-
related with increasing degree because the strength of the lithosphere is
increasingly able to support topographic loads at shorter wavelengths
without compensating masses at depth, and because the signals associat-
ed with subsurface anomalies are increasingly attenuated at spacecraft
altitude with increasing degree. The high coherence exhibited by the
Moon (Fig. 2C) implies that the majority of the short-wavelength gravity
signal is a result of surface topography, most of which is related to
abundant impact craters. To retain a high coherence, the crust beneath
those landforms must have been pervasively fractured and largely ho-
mogenized in density. Short-wavelength, lateral density variations due to
magmatism, variable porosity, or regionally variable impact melting
imparted during the early, post-accretional era of high impact flux are
sparsely preserved at ~30—130 km scales. At harmonic degree lower than
about 60 (90 km), the coherence displays greater variability within the
general pattern of a rapid decrease with decreasing degree. At these
longer wavelengths the lower coherence reflects the heterogeneity of
lunar interior structure: thinning of the crust beneath impact basins,
large-scale variations in crustal composition indicated by orbital remote
sensing (12), and lateral variations in mantle composition and possibly

GRAIL

W

n
0 50 100 150 200 250 300 350 400 % 8o 100 150 200 20 30 380 400 T o®
Degron, | Dogree. |

WO MO0 30 N0 M 0
Dagrva, |

Fig. 2. (A) RMS power and (B) coherence versus harmonic
degree for the gravity fields determined by GRAIL, Kaguya,
and Lunar Prospector. (C) Comparison of coherence between
gravity and topography versus degree for the Moon with
coherence for other terrestrial planets. In (B) all gravity
models are compared with topography from the Lunar Orbiter
Laser Altimeter (23). Data sets used in (C) are given in table
S1.
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Fig. 3. (A and B) From top to bottom, Mercator projections of
free-air gravity, topography, and Bouguer gravity. Frames in
(A) highlight the area surrounding the Korolev impact basin, at
center. Frames in (B) show the western limb of Oceanus
Procellarum. Details of free-air and Bouguer gravity are the
same as in Fig. 1. Topography is from a LOLA 1/64° grid.

temperature, such as the variations associated with Procellarum KREEP
Terrane (13, 14). At the highest degrees (>330), the coherence falls off
because of longitudinal gaps in the spacecraft ground tracks. As shown
in Fig. 2C, the gravity—topography coherence exhibited by the Moon is
unlike that observed for any other terrestrial planet. From degrees 25 to
200, Earth’s coherence is variable, with an average value of ~0.7. The
coherence spectrum reflects a contribution from the continents, whose
gravity—topography relationships are dominated by crustal thickness
variations and erosion, and include influences from compositional varia-
bility and tectonic and volcanic processes at shorter wavelengths. The
Earth’s ocean basins also contribute to the correlation, and the interpreta-
tion of the combined contributions is complex. The coherence for Venus
peaks at 0.9 at degree 3 and falls off rapidly at higher degree. This falloff
in coherence may reflect a combination of large-scale volcanic resurfac-
ing (15) that smoothed the surface at short and intermediate length
scales, the thick atmosphere, which screened small impacts, density
anomalies related to mantle convection, and the orbital altitude of the
Magellan spacecraft. The coherence for Mars is greatest at low degrees,
at which it is governed by large-scale topography (16) such as the
Tharsis province (17). Mercury’s coherence does not exceed 0.6, but the
spherical harmonic models of gravity (18) and topography (19) inade-
quately sample the southern hemisphere of the planet because of the
eccentric orbit of the MESSENGER spacecraft. Our expectations are

that at high degrees Mercury should display a coherence broadly similar
to that of the Moon, because of its heavily cratered surface. The litho-
sphere of Mars is heavily cratered in the southern hemisphere, but in the
northern hemisphere and on the Tharsis rise volcanic resurfacing extend-
ed well past the period of high impact flux. The extent to which the ob-
served coherence of Mars reflects crustal structure as opposed to the
quality of the data is not clear.

The free-air and Bouguer gravity anomaly maps in Fig. 1 show the
distinctive character of the lunar gravity field. The free-air map shows
rich short-wavelength structure and resolves virtually all craters on the
Moon greater than 30 km in diameter and many less than 20 km in di-
ameter. The highlands, because of the higher density of impact struc-
tures, 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 topogra-
phy. This characteristic of lunar structure facilitates the isolation of den-
sity 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 rebound associated with the impact
and basin formation process (22). In some cases there is a second contri-
bution from partial fill by mare volcanic deposits subsequent to basin
formation.

Regional comparisons of free-air gravity anomaly, topography (23),
and Bouguer gravity anomaly reveal features that inform understanding
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 resolve 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 structure
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 sub-isostatic depression of the crust-mantle boundary.

Also evident in Fig. 3A is the spatial manifestation of the Moon’s
high coherence: the free-air map resembles the topography map at in-
termediate to short length scales. In contrast, the Bouguer map is gener-
ally smooth; removal of the gravitational attraction of topography
reveals that there is much less short-wavelength structure attributable to
subsurface density variations. Thinning of the crust beneath Korolev
(24) represents the primary contribution to subsurface density variations
in this area. The negative Bouguer signature of the rim of Doppler crater,
just to the south of Korolev, may be indicative of brecciation.

A region in the western part of Oceanus Procellarum (Fig. 3B) high-
lights the subsurface structure of maria and 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 anomalies may help to
define the boundary of either the Procellarum KREEP Terrane (25) or of
the proposed Procellarum impact basin (26).

As exemplified by Fig. 3B, gravitational evidence 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 pro-
duce a negative anomaly. In contrast, because mare material is more
dense than highland 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°-30°N and —80° to —70°E and display
negative anomalies that suggests that for these structures the contribution
from subsurface structure dominates. Systematic study of other mare
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regions will provide insight into the thickness of infill and underlying
highland structure (27).

Results from GRAIL’s Primary Mission provide a view of the lunar
crust and bring quantitative geophysical description of the internal struc-
ture of the Moon into a spatial realm commensurate with the scales sur-
face geological features. More broadly, the observed gravitational
structure increases understanding of the role of impact bombardment on
the crusts of terrestrial planetary bodies.
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