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The Gravity Recovery and Interior Laboratory (GRAIL) mission unraveled numbers of features showing
strong gravity anomalies without prominent topographic signatures in the lunar Procellarum region.
These features, located in different geologic units, are considered to have complex subsurface structures
reflecting different evolution processes. By using the GRAIL level-1 data, we estimated the free-air and
Bouguer gravity anomalies in several selected regions including such intriguing features. With the three-
dimensional inversion technique, we recovered subsurface density structures in these regions.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

The lunar Procellarum region encompasses Oceanus Procel-
larum, Mare Imbrium, and the adjoining maria and highlands. It
is characterized by low elevation, thin crust, and high concentra-
tions of heat-producing elements (Andrews-Hanna et al., 2014),
and especially by extended volcanic activities (Grimm, 2013). It
has been postulated that a sub-crustal thick radionuclide layer
caused complex thermal condition during the lunar evolution, and
influenced the morphology and internal structures of this region
(Wieczorek and Phillips, 2000). Past studies focused mainly on
morphology and mineralogy (Campbell et al, 2009; Head and
Gifford, 1980; Lawrence et al., 2013; McEwen et al., 1994; Mustard
et al., 2011; Wohler et al., 2006), and lack detailed studies of
interior structures and their evolution.

Analyses of topography-gravity admittance using coefficients
derived in spherical harmonic expansions have been effective in
studying lunar interior structures, but this approach is only appli-
cable in global domain (Wieczorek, 2007; Wieczorek et al., 2013).
Although localization techniques can adjust this method to local
and regional studies (Huang et al., 2014; Kiefer, 2004, 2013; Wiec-
zorek and Simons, 2005, 2007), they introduce intrinsic spectral
leakage (Wieczorek and Simons, 2005) and the Gibbs phenomenon.

In comparison with these studies, satellite orbit perturbations
are considered to reflect gravity anomaly more directly, and the
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inversion of substructure from such perturbation signals is a
straightforward approach. As orbit perturbation decays with the
distance, this approach is suitable for local studies and has high
calculation efficiency. Sugano and Heki (2004) applied this method
to resolve lunar gravity anomalies with the Lunar Prospector light-
of-sight (LOS) data. With the low-low satellite-to-satellite tracking
(SST) technique, Gravity Recovery and Interior Laboratory (GRAIL)
measures inter-satellite range-rates and accelerations that are
sensitive to gravity signatures of small-scale features. In this paper,
we use the level-1 data from the GRAIL mission to study buried
features in several selected area within the Procellarum region.

2. Methodology
2.1. Data sources and regions of interest

Launched in 2011 as one of the lunar exploration missions,
GRAIL has been contributing to discoveries of new features on
the Moon in terms of gravity anomalies. The primary science
phase lasted from 7 Mar. 2012 to 29 May 2012, followed by the
second science phase from 30 Aug. to 14 Dec. 2012 (Zuber et
al.,, 2016). The GRAIL data are categorized in 3 levels. The level-1
data are the expanded, edited and calibrated data (Asmar et al.,
2013). GRAIL level-1 files are comprised of inter-satellite K-band
range-rate data, satellite coordinates, attitudes and accelerometer
data. The twin-satellite system lets common errors acting on both
satellites cancel each other and amplify short-wavelength gravity
signals (Kim and Tapley, 2002). From the Planetary Data System
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Fig. 1. Regions of interests marked on topography map (a), free-air gravity map (b) and Bouguer gravity gradient map (c). The topography map is derived from the LRO
(Lunar Reconnaissance Orbiter) topography model Iro_ltm05_2050_sha (truncated at 600), and the GRAIL gravity model jggrx_1500e_sha (truncated at 600). The gradient
map is derived from maximum horizontal gradient method. The red circle is newly defined buried crater Copernicus-H (Neumann et al., 2015), and white circle shows the
buried feature near volcanic complexes. White square represents the hexagon border. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

Table 1

Center coordinates of ROIs.
ROI name Longitude Latitude
Copernicus-H —18°E 7° N
Volcano —45° E 0°N
Border -75° E 35° N

(PDS), we download the observation data over two months period
(September-October, 2012) covering the whole Procellarum region.
We combine the topography and gravity maps (Fig. 1) to
study regions of interests (ROIs), especially the buried features
(i.e. without topography manifestation) with prominent gravity
anomalies. Compared with the topography map (Fig. 1a), the free
air gravity map (Fig. 1b) show anomalous features more clearly,
making mascons and the hexagon border conspicuous. Besides,
gravitational potential gradients (Eq. (1)) help us highlight the
circular and linear structures (Andrews-Hanna et al., 2013).

_ Fn lf F]l >abs(F22)

P = Iy if 'y <abs(I'yy ) ™

where I'pj, is the maximum horizontal gradient, I'y; and I'y, are
horizontal gradient tensor representing the value of the maximum
and minimum curvature of the Bouguer gravity anomaly.

We select three ROIs in different geologic units. They are simply
flat in the topography map (Fig. 1a), but have positive anomalies
in the gravity anomaly map (Fig. 1b). In the gravity gradient map
(Fig. 1c), these ROIs display explicit features. The first ROI (red cir-
cle) is close to mascons and defined as Copernicus-H (Neumann et
al., 2015), while the second ROI (white circle) lies near volcanoes
and belongs to one of the volcanic complexes named Flamsteed
(Yamamoto et al., 2016). The third ROI lies on the hexagon border
(the white square) enclosing the Procellarum region. Each region
covers a 10°x10° (10° corresponds to ~300 km on the lunar
surface) area with the center coordinates listed in Table 1.

2.2. Gravity inversion from level-1 data

Gravity inversion from the level-1 data is based on point-mass
method (Sugano and Heki, 2004). There we assumed that the
excess masses responsible for the gravity anomalies are condensed
on a thin layer on the lunar reference surface, and the gravitational
forces by these excess masses are calculated through the Newton’s
theory. We divided each ROI (10° x 10° in size) into a set of small

blocks. ROI is the unit of least-squares estimation runs, and the
small blocks included in ROI correspond to the parameters (point
masses at the centers of the blocks) to be estimated. The point
mass separation (or spatial resolution) is set to 0.3°x0.3° (~9 km
x 9 km), sufficient to resolve short-wavelength mass anomalies.

We used a software system similar to those used in Sugano
and Heki (2004), after changing the input data from the Lunar
Prospector LOS acceleration data to the GRAIL KBRR (K-band range
rate) data. The observation equations at satellite position i are
shown in (Eq. (2)), indicating the orbit perturbations caused by
the mass anomaly of a small block.

Si=0ui—ay

aai=525\/’=1 % “Sai | (2)

_ PR
Ui =G i1 - - Sbi
]

where §; is the difference between a, and a,,;, accelerations of the
two satellites caused by a small mass block. M is the total number
of small blocks, G is the universal gravitational constant, m; is
the mass anomaly of the jth block, rg; is the distance between
the jth block and the satellite a (ry; the distance between the

block and the satellite b), §a,- and Ebi are projection vectors to the
inter-satellite baseline ab.

Bouguer gravity anomaly is derived from the terrain corrected
free-air gravity anomaly, so it is more sensitive to the subsurface
mass inhomogeneity and suitable for the subsequent substructure
inversion. We used the 0.25° gridded topography model from
Lunar Reconnaissance Orbiter (LRO) for the terrain correction, and
generated the Bouguer gravity anomaly map. To avoid singularity
in the following steps, Bouguer anomalies are upward continued
to 10 km height above the 1738 km lunar reference sphere.

2.3. Subsurface density inversion

Because subsurface density distributions vary not only laterally
but also vertically, the three dimensional (3-D) inversion is nec-
essary to recover variations. The lunar radius is much less than
the Earth, so we need to consider its curvature for larger depths.
Here 3we implement 3-D inversion in a spherical domain, known
as tesseroid method. Each research region is divided into a set of
contiguous spherical tesseroids (Anderson, 1976) with a constant
density. The gravitational potential and gravity of tesseroid are
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Fig. 2. Original models (a1, b1, c1), synthetic accelerations data with random noises (a2, b2, c2), and inversion results (a3, b3, c3). The centers are set at (45°N, 0°E). Noises
appear close to the edge of the large block, and the vague boundaries of the recovered structures are partly caused by the continuity constraints imposed in the inversion.

described by Newton’s integral as in (Eq. (3)).
A2 b2 71
V., 1) = Gp / / / X drdgdn
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where G is the universal gravitational constant, | denotes the
Euclidean distance between the computation point P(r, ¢, A) and
the running integration point Q(r’, ¢/, A’), and i is the angle
between the position vectors of the two points.

Ac=TK,
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A, =r1cosyyr —r
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After discretization and linearization, tesseroid gravity function
is transformed into the following form.

M

8g,~=2ij,»j, i=1,...,N (5)
J

where dg; is the observation data, p; is the tesseroid density, and

Ajj is element of the kernel matrix (Liang et al., 2014).

In order to solve this ill-posed problem, we applied the
Tikhonov regularization to the normal matrix (Tikhonov and
Arsenin, 1977), and used the L-curve criterion to find the optimal
regularization parameter (Hansen, 1992). The latest lunar crustal
thickness model (Wieczorek et al., 2013) was used to determine
the maximum inversion depth. Each least-squares run was per-
formed over a region as large as 10° x 10° x 60 km (~300 km
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Fig. 3. Tesseroid model profile (a) and recovered structure profile (b).

x 300 km x 60 km), which include blocks, corresponding to
parameters to be estimated, as large as 0.5° x 0.5° x 5 km (~15
km x 15 km x 5 km).

2.4. Validation of method

Before applying the inversion software to real data, we val-
idated the method to confirm its accuracy and sensitivity. We
design three synthetic models to test the point-mass inversion
method. Two sets of ridges composed of lunar crustal rock (600
km long, 90 km wide, and 3 km high) are put in the middle lat-
itude parallel to lunar latitude/longitude lines (Fig. 2al) and with
the angle of 45° to them (Fig. 2b1) to test the azimuth dependence
of the sensitivity to surface linear features. For a more realistic test
for our research objects, sensitivity to a disk simulating a lunar
crater is also examined (Fig. 2c1).

Considering that the published level-1b data may contain
non-calibrated accelerations due to solar radiation forces, sloshing
fuel and vibration from the momentum wheels, here we added
random noises into the inter-satellite accelerations to test their
influences on the inversion results (Fig. 2a2-c2). We added the
random noises of ~1 mm/s2, which is ~3 times as large as the
scatter of the original accelerations over the studied region.

Recovered structures from point-mass inversion are shown in
Fig. 2a3-c3. We use correlation coefficients between original mod-
els and inversion results to test recovered results. The correlation
coefficients are 0.928, 0.960 and 0.922 without noises, and 0.923,
0.960 and 0.922 after the noises were added. So the additional
random noises do not contribute much to the inversion results. As
continuity constraint is added to stabilize the solution in the least-
squares calculation to suppress abrupt changes between adjacent
blocks, the outlines of the recovered textures have been blurred to
some extent. However, recovered structures show high similarity
to features with different azimuths. We also confirmed that this is
the case for regions of different latitudes or longitudes. The disk
was also well-recovered, and this demonstrates the validity of our
method in this research.

To test the three-dimensional inversion method, a simple
model is constructed and was tried to recover. In this model, a
block shaped structure (5° x 5° x 50 km) is buried at 10-60
km depth under the lunar surface, with a density contrast of
500 kg/m3(Fig. 3 a). The synthetic inversion results are shown in
Fig. 3b. Although some noises appear near the top boundary of
the recovered sheet at depth, the recovery result reproduces the
overall shape and density contrast of the original structure.

3. Results and discussion
3.1. Free-air and Bouguer gravity anomalies
Recovered free-air and Bouguer gravity anomalies are displayed

in Fig. 4. Red color represents excess mass while blue color repre-
sents mass deficit. By subtracting components due to topography
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Fig. 4. Recovered free-air gravity anomalies (FAGA) (a1, b1, c1) and Bouguer gravity
anomalies (BOUG) (a2, b2, c2) in the three ROIs.

from the raw data and estimating mass anomalies, we get the
Bouguer gravity anomalies that highlight the subsurface features.

Copernicus-H displays regular circular gravity anomaly with
central high values and annular low surrounding features. The
central peak values are considered to come from uplifted mantle
material, while the annuli corresponds to rings of thickened sub-
isostatic crust originating from the ejecta (Wieczorek and Phillips,
1999). Volcano region displays elongated-shaped gravity anomalies
which are postulated to arise from frequent volcanic activities
(Haskin et al., 2000). Complex structures such as magma chamber,
sill, intrusive sheet, or cumulate prisms probably exist underneath,
just like other shield volcanoes nearby (e.g. Marius, Aristarchus,
and Kepler). The hexagon border possesses linear positive gravity
anomalies running NW-SE, with negative anomalies on both sides.
It represents the dike structure formed by large-scale crustal
rifting and magma uplift.

3.2. Three-dimensional density structures

Bouguer gravity anomalies reflect density contrasts at depth,
and we reconstructed the vertical and radial density distributions
here. Based on the crustal thickness model by (Wieczorek et al.,
2013) derived from the Lunar Prospector, Kaguya and GRAIL data,
the maximum crustal thickness of 60 km is used as the depth
limit of the density structure inversion.

Vertical profiles along the white lines in Fig. 5 are given in
Fig. 6 to show the recovered structures more clearly. Density
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Fig. 5. White lines showing the surface trace of the vertical profiles in Fig. 6. They run through Copernicus-H (a), volcano (b) and hexagon border (c). Profile 1 runs from
northwest to southeast (NW-SE) and profile 2 runs from southwest to northeast (NE-SW).
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Fig. 6. Density contrast profiles of (a) Copernicus-H, (b) volcano region and (c) border region, in which profile 1 runs from northwest to southeast (NW-SE) and profile
2 runs from northeast to southwest (NE-SW). Density contrasts are defined relative to the average crustal density of 2550 kg/m3. We also draw red curves indicating the
mantle-crust boundary curves, derived from the crust model by Wieczorek et al. (2013). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

contrasts are relative to the mean crustal density of 2550 kg/m3
(Wieczorek et al., 2013). Existing density models show the crustal
density within 2660-2820 kg/m3 (Besserer et al., 2014) and the
mantle density with 3000-4000 kg/m3(Matsuyama et al., 2016), so
we made the density contrast color bars to cover the range 0-350
kg/m3, sharpening the crust-mantle boundary.

In comparison, we pick the same ROI profiles from the GRAIL
crust model (Wieczorek et al, 2013) and show them in . The
crust-mantle boundary undulations share similarity to the recov-
ered density structures, fluctuating in the depths range 20-40 km
(our results recover more details in the subsurface structures). The
density inversion errors in the boundaries (as shown in Fig. 3)
may have obscured the abrupt change of density to some extent.

Crater Copernicus at the northwest corner of Copernicus-H
region is a fresh complex crater, with flat crater floor and sheet-

like layers in the steep crater wall. It is well preserved and less
degraded after impact. The ejecta blanket compositions are investi-
gated within ~1 crater radii beyond the rims of this impact crater
(Ishiyama et al., 2013; Weider et al., 2010), and the ejecta can
also be recognized from topography map as brown circular region
in Fig. 7a. Except ejecta blanket, both the crater bottom and the
outer area are covered with evenly distributed high-density lava
flow. Here we apply a method similar to the Bouguer correction to
estimate average mare density and verify the 3D inversion results.

A lattice inside the crater floor and two lattices outside the
crater are selected as the checkpoints. The outer ones are sepa-
rately located 2-radii and 3-radii distances away from the crater
center, to avoid the ejecta blanket effect. The separation between
the lattice points is set to 0.3°, and the topography and gravity at
each point are compared in Fig. 7b.
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Table 2
Statistics of topography and gravity of checkpoints.
Lattices Maximum Minimum Mean
Topography Gravity Topography Gravity Topography Gravity
(m) (mgal)  (m) (mgal)  (m) (mgal)
Inner-Grid —3820 —141 —4174 —255  —4023.5 —198.9
2r-Grid -1578 216 —1711 34 —1639.9 117.0
3r-Grid —1464 132 —-1670 24 —1564.2 833

The topography and gravity curves of all three lattices are rela-
tively stable, indicating flat topography and homogeneous material
in this region. The prominent separation between the inner and
the outer lattices is mainly caused by height difference. We treat
the outer area as a “Bouguer plate” relative to the crater bottom.

The topography and gravity statistics are listed in Table 2,
and we do the following calculation using their mean val-
ues. With the Bouguer correction formula §g= 2w Gpéh, where
88 = Zouter — Zinner aNd  8h = hoyter — Minper, We derive the mare
density as 2950 kg/m3.

Reading from the topography map, the depth of the flat-
bottomed crater Copernicus is about 4 km, corresponding to
the first layer (0-5 km) of the inverted 3-D density matrix. The
average value of the matrix is 2925 kg/m3, very close to 2950
kg/m?> derived above. This also substantiate the inversion results.

3.3. Discussion

Substructures of the three buried features demonstrate their
various origins and evolution processes. We hypothesize that the
subsurface structures in the Copernicus-H region were formed
mainly by impact cratering. On the other hand, those beneath
the other two research ROIs would have originated from volcanic
activities. To study their formation sequences, we review chrono-
logical researches. Researchers such as Heisinger and Morota and
their groups mapped the ages of mare basalts using the crater
size-frequency diagram (CSFD) (Hiesinger et al., 2003; Hiesinger
et al,, 2000; Morota et al., 2011). From these studies, the hexagon
border region is assumed to be ~3.5 Ga, and the volcano region
is probably ~1.5 Ga. The age of the Copernicus-H region is un-
clear, but the Clementine UVVIS spectral image shows that this

region is covered by dark blue and purple minerals. Zhang et al.
(2014) developed an empirical model to correlate the Clementine
images to spectral types and geologic ages of basalt. According to
this model, we can estimate the age of the Copernicus-H region to
be 3.25-2.25 Ga, older than the hexagon border but younger than
the volcano region.

We propose the following hypotheses based on thermody-
namics of the Procellarum region. Lithosphere was heated by the
KREEP layer for billions of years, and during its cooling period,
tensional cracks and rift zones emerged, and this was followed by
magma intrusions (Andrews-Hanna et al., 2013; 2014). Hexagon
border is the earliest generated large-scale magma intrusion, and
it was followed by the impact cratering incidents that formed
Copernicus-H. Excess lithospheric stress around impact craters
encouraged the developments of more cracks and rifts, and subse-
quent intrusion from magma chamber formed younger volcanoes.

4. Conclusions

The GRAIL level-1 data are comprised of inter-satellite range
rate and acceleration that are sensitive to subsurface mass anoma-
lies, and enable us to recover high-resolution subsurface density
structures. We picked up the level-1data taken above three areas of
flat topography in the Procellarum region with possible interesting
buried substructures, i.e. the Copernicus-H region, the volcano re-
gion, and the hexagon border region. With the point mass method,
we estimated free-air and Bouguer gravity anomalies in the regions
including these three features. The recovered gravity anomalies
suggested that uplifted mantle may exist beneath Copernicus-H,
and that complex volcanic intrusions exist under the volcano
region and the hexagon border region. We further investigated
detailed 3-D density structures. The density profiles of the studied
regions showed variety of subsurface boundaries with density con-
trasts, and suggested their different evolution mechanisms. Com-
bined with geologic ages, we conclude that hexagon border was
the oldest, generated from thermal contraction about 3.5 billion
years ago. Copernicus-H was caused as an impact cratering about
3.25-2.25 billion years ago, and the volcano region is the youngest,
probably formed by the magma intrusion into the cracks and rifts
whose formation was encouraged by nearby impact craters.
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