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As one of the representative multi-ring basins on the Moon, the internal structure
of Mare Orientale is crucial for exploring the formation mechanism of multi-ring
basins. Due to the sparsity of moonquake data, at present, only gravity data can
be more effectively applied to study the internal structure of Mare Orientale.
Therefore, based on the GRGM1200A model from Gravity Recovery and Interior
Laboratory, we inverted the internal density structure of Mare Orientale from the
perspective of signal separation. In addition, based on the gravity anomalies after
deducting the influence of the crust, we calculated the depth of its crust-mantle
interface. The results of the study show that there is a wide-ranging, high-
density body beneath Mare Orientale. Its morphology is similar to that of a prism,
with a depth ranging from 32.4 to 64.0 km. The upper tip is located roughly
98°W longitude and 18°S latitude, and the lower tip roughly 94°W longitude
and 22°S latitude. Within the internal depression, the crust-mantle interface in
Mare Orientale is clearly uplifted with a shallowest depth of 1.47 km. In the basin
centre, there is an uplifted rebound of the crust-mantle interface. Based on our
results, we suggested that the multi-ring structure of Mare Orientale was formed
primarily by a large, tilted meteorite impact, which left meteorite residues in the
upper mantle of Mare Orientale and caused a dramatic uplift of the crust-mantle
interface within the basin.

KEYWORDS

density structure, crust-mantle interface, gravity, Mare Orientale, multi-ring basin

1 Introduction

Mare Orientale (MO) lies on the lunar nearside, and is one of the youngest multi-
ring basins on the Moon, formed between 3.68 and 3.85 billion years ago (Wilhelms et al.,
1987; Whitten et al., 2011). MO has four concentric rings, the outermost of which is the
Cordillera Ring (CR), with a diameter of ~930 km (Smith et al., 2010; Potter et al., 2013).
The mechanism of the ring formation is still controversial (Melosh and McKinnon, 1978;
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Schultz et al., 1981; Head, 2010). Likewise, the fundamental
properties of the basin, such as the volume of impact-generated melt,
the basin rim, and the dimensions of transient craters, are similarly
uncertain (Potter et al., 2013). Some studies have addressed these
features by numerically modelling the formation mechanisms of MO
(Stewart, 2011; Potter et al., 2013; Johnson et al., 2016). Stewart
(2011) proposed that a 100 km diameter rock projectile is impacted
into MO at a velocity of 10.6 km/s. The results show that the crust in
the basin centre of MO was very thin after the impact. Potter et al.
(2013) made an impact model of MO, and estimated the diameter
of the impactor to be 50-80 km, the transient crater formed by
it to be 320-480 km in diameter, and the excavation depth to be
40-55 km. Johnson et al. (2016) simulated an impact event at MO
and validated the simulations with gravity data, which showed that
the impact formed a transient crater of nearly 390 km.

Regarding the formation mechanism of MO, numerical
simulations have provided a number of valuable insights. However,
because the lunar interior tectonics are not horizontally uniformly
distributed (Jolliff et al., 2000), numerical simulations are not well
suited to explore the consequences of impacts. The most important
prerequisite for possibly revealing the nature of the impact is a more
realistic subsurface structure. With the development of the Gravity
Recovery and Interior Laboratory (GRAIL) mission, lunar gravity
data have the advantage of high accuracy and resolution, which
can be used directly to resolve subsurface structures. Therefore,
based on gravity data, numerous studies have investigated the
internal structure of MO. Based on GRAIL gravity data and Lunar
Reconnaissance Orbiter (LRO) topographic data, Wieczorek et al.
(2013) computed a crustal thickness model of the whole Moon.
Kattoum and Andrews-Hanna (2013) used a Markov chain Monte
Carlo method to find the best-fitting fault dip and displacement
within MO, as well as the depth of the density interface within
the crust and the density contrasts at that interface. Liang et al.
(2014) calculated the 3D density distribution of the whole Moon
and showed that high density anomalies exist 20-40 km inside
MO. Zuber et al. (2016) used gravity data to resolve the three-ring
structure of MO, and hypothesised the presence of faults associated
with the outer two rings. Based on gravity gradient data, Andrews-
Hanna et al. (2018) constrained the shallow and deep structure of
MO. Based on the lunar gravity field model GL1500E, Zhao et al.
(2021) inverted the internal structure of MO in three dimensions,
and the results showed that there are high-density anomalies
inside MO in the depth range of 18-70 km. However, gravity
is an integrated representation of all material signals in the
lunar interior. How to effectively improve the accuracy of gravity
modelling is the key point to obtain a fine crust and upper mantle
structure inside MO.

Currently, there are three types of methods used commonly for
gravity modelling, which are depth weighting (Li and Oldenburg,
1998; Liang et al, 2014), forward fitting (Li and Oldenburg,
2003; Zhao et al,, 2021), and signal separation (Hou et al., 1998;
Xuetal., 2018). Among them, depth weighting means setting a depth
weighting function according to the existing prior information or
empirical formulas, so as to overcome the skinning effect during
the inversion process, thus enabling the implementation of the
inversion. Forward fitting is the setting of subsurface module
densities and then forward their corresponding gravity values. By
comparing with the actual gravity values, the fit is achieved by
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continuously modifying the module values. Signal separation is the
process of separating the high and low frequency signals in the
gravity signal and thus inverting the signals in different frequency
bands. Since more accurate a priori information about MO internals
is not yet available, traditional depth weighting methods or forward
fitting methods are not very reliable. Compared with these two
methods, signal separation is more suitable for this situation
where there is no a priori information. In the direction of signal
separation, wavelet multi-scale analysis, as its representative classical
algorithm, has been widely used in internal structure research
(Jiang et al., 2012; Xu et al.,, 2017). Therefore, we use wavelet multi-
scale analysis to separate the Bouguer gravity anomaly signals of MO
and thus invert the internal density structure of MO. In addition,
we computed the crust-mantle interface depth in this region after
deducting the gravity effect from the crust of MO. Based on the
internal density structure and the crust-mantle interface depth, we
obtained the fine structure of MO’s crust and upper mantle, and
explored its formation mechanism.

2 Methods
2.1 Wavelet multi-scale analysis

The Bouguer gravity anomaly contains several different
frequency bands of signals from material at different depths
beneath MO. Previously, wavelet multi-scale analysis has been
applied several times to frequency band separation of field data
(Mallat, 1989). The low-frequency A,,(¢,A) and high-frequency
signals D,,(¢,A) of different orders m are obtained by decomposing
the original function into projections of different subspaces,
as shown in Equation 1.

M
8e(9.2) = A,u(9.2) + ). D,(9.2) 6
m=1

where, ¢ and A are longitude and latitude, respectively. M is the
maximum decomposition order, which is taken as eight in the
paper (When the order is greater than 8, the gravity signal is
very weak, which does not reveal much). Here Dm((p,/\) contains,
the horizontal, vertical, and diagonal components. Among them,
the diagonal component has the most high-frequency information.
However, the high-frequency information in the horizontal and
vertical components cannot be ignored. Therefore, we combined the
three components.

2.2 Tesseroid body inversion method

To implement the density inversion, we need to calculate the
average field source depths corresponding to the signals in different
frequency bands which are used to determine the thickness of
the Tesseroid body in each layer. Spector and Grant (1970) have
proposed the radial power spectrum method. The method uses
gravity anomalies of different orders D,,(¢,A) to estimate their
corresponding average field source depths H, as shown below:

Dm(‘P>A) = Z ZAkeizﬂ(k(p‘/’*kﬂ)eZﬂkH @
¢ A
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FIGURE 1

Topography of MO; data from Lunar Orbiter Laser Altimeter (LOLA; Neumann, 2011). MA: Maunder; KO: Kopff; LO: Lowell; SC: Schluter; CR: Cordillera
Ring; ORR: Outer Rook Ring; IRR: Inner Rook Ring; IDR: Inner Depression Ring.
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where k = ké + ki. This can be obtained from Equation 2:

A= Z z D,,(¢,1) o-i2n{kyp+h) -2nkH 3
)
When H is 0, then:
ATIDe
PR

By substituting Equation 4 into Equation 3,
Ak —_ (Ak)oeianH (5)
Simultaneously squaring both sides of Equation 5,
P = Pyetm™H 6)

Based on Equation 6, H corresponding to D,,(¢,A) can be
estimated as shown in Equation 7:

H= Aln P
4Ak

7)
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FIGURE 2

Bouguer gravity anomaly of MO. Data from the GRGM1200A gravity
field model (Goossens et al., 2020).
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FIGURE 3
Decomposed gravity anomalies in MO. From (a—h): the first to eighth order wavelets from D1 to D8.
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TABLE 1 The layered model of MO.

10.3389/feart.2025.1592835

Range of depth (km) Average depth (km) Thickness (km)
DI 0.0~7.8 39 7.8
D2 7.8~13.4 10.6 5.6
D3 13.4~19.4 16.4 6.0
D4 19.4~32.4 25.9 13.0
D5 32.4~47.2 39.8 14.8
D6 47.2~64.0 55.6 16.8
D7 64.0~83.2 73.6 19.2
D8 83.2~107.6 95.4 24.4

After determining H, we can divide the internal structure into
M layers, each modelled with Tesseroid bodies. Previously, Heck
and Seitz (2007) proposed the Tesseroid body inversion method as
shown in Equation 8:

Dm((P>/\) = z Z GApm((po’AO)ArmA(hoAA
P Ao

1
X [Looo + 5 (LagoBry” + LongA@? + LogpAN*) | (8)

where Ap, (¢,,A¢) is the density anomaly. ¢, and A, are the

longitude and latitude of the Tesseroid body centre, respectively.
Ag and AX are latitude and longitude intervals, which are set to
0.25° (expected resolution) in this paper. Ar,, is the thickness of the
Tesseroid body, and this is determined by each layer corresponding
to H. Lyyy> Lygg» Loyo and Ly, are the Taylor expansion factors.
Simplifying Equation 8,

D, (¢.1) = BAp,, (94 1) 9)

where B is the coefficient matrix of the gravity anomaly and the
density anomaly. Here, we use the regularization method proposed
by Tikhonov and Arsenin (1977) to transform Equation 9 into
Equation 10, from which Ap, (¢y,A,) is calculated:

Ap,,(90:Ao) = (B'B+aI) 'B'D,,(9,1) (10)

where I is the wunit matrix. « is the regularization
parameter, which can be obtained by the L-curve method

(Hansen and O’Leary, 1993).

2.3 Parker-oldenburg method

After separating the gravity anomaly signals in different
frequency bands, high-frequency contents from MO crust
can be distinguished based on the anomaly signal strength
and depth information. On this basis, this high-frequency
signal is subtracted from Equationl to obtain the low-
frequency signal from MO crust-mantle interface, A(¢,1).

Previously, based on the Fast Fourier Transform, Parker (1973)
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proposed a frequency-domain gravity forward method, as shown
in Equation 11:

& kn—l

F[A(p,1)] = —2nGpe™ Y’ —Fln") (11)
n=1 N

where h is the crust-mantle interface depth, G is the universal
gravitational constant, p is the crust-mantle density contrast,
k is the modulus of the wave number field, z, is the
average crust-mantle interface depth, and F[] is the two-
dimensional Fourier transform. From Equation 11, Oldenburg
(1974) proposed the iterative inversion formula as shown
in Equation 12:

F[A(@, M) & gn-1
_F1 —[ (2q7)TG/))] +ZTFU1”] (12)

n=2

h=

where F7'[] is the two-dimensional Fourier inverse transform.

3 Study area
3.1 Topography

MO is located on the western side of the lunar nearside, with
its centre located at longitude 93.5°W and latitude 19.5°S. It is
surrounded by Grimaldi to the NE, Hertzsprung and Korolev to the
NW, and Mendel-Rydberg and South Pole-Aitken to the SW. As one
of the typical impact basins on the Moon, MO exhibits concentric
rings similar to other impact basins, including the Cordillera Ring
(CR, ~930 km in diameter), the Outer Rook Ring (ORR, ~620 km in
diameter), the Inner Rook Ring (IRR, ~480 km in diameter), and the
Inner Depression Ring (IDR, ~320 km in diameter) (Spudis, 1993).
Figure 1 shows the topography of MO, derived from Lunar Orbiter
Laser Altimeter (LOLA) data (Neumann, 2011), showing four rings
surrounding the outside of MO, as extracted from Ji et al. (2021). Of
these, the elevations of ORR, IRR and CR are generally at 6,000 m
and the elevations of IDR are around 0. Overall, the elevation of the
study area ranges from —8827.9-18,639 m. The highest elevations
occur in the western part of MO (outside of CR), where most of
the elevations are greater than 12,000 m. The lowest elevations occur

frontiersin.org


https://doi.org/10.3389/feart.2025.1592835
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Yu et al.

in the centre of MO, and most of them are below —4,000 m. There
are four relatively distinct craters in the study area, Maunder (MA),
Kopft (KO), Lowell (LO), and Schliiter (SC). Among them, MA has
the lowest elevation, with most of the area within the crater close to
—-8,800 m.

3.2 Bouguer gravity anomaly

The gravity anomaly data used in this paper is the GRGM1200A
gravity field model, which covers the whole Moon (Goossens et al.,
2020). Based on the LOLA data, the topographic effects in the gravity
anomaly data are deducted to obtain the Bouguer gravity anomaly
of MO as shown in Figure 2. The gravity anomalies in the study
area range from —186 to 472 mGal. As in other Moon basins, such
as Mare Crisium and Mare Imbrium, the centre of MO yields a
significant positive gravity anomaly, above 400 mGal in most areas.
Negative gravity anomalies in the study area are predominantly
distributed near ORR, generally below —150 mGal. There are two
main negative gravity anomalies: one occurs in the northwestern
portion of MO, and it appears as a quarter-circle arc; the other one
occurs in the southern part of MO, at longitude 93°W and latitude
31°S. The gravity anomaly of MO shows a ring-like decreasing from
the centre toward the surrounding. In addition, IRR and IDR, as two
rings in the interior, overlap most of the changing boundaries of the
gravity anomalies.

4 Results and discussion
4.1 Separated gravity anomalies

The Bouguer gravity anomaly contains all the signals from
inside MO. Here, we use Equation 1 to separate the Bouguer gravity
anomaly of MO to obtain the first eight orders of wavelet details
(high-frequency signals), as shown in Figure 3. The top left corner
of Figure 3 has labels (a) to (f), representing the first to eighth
order wavelet details, respectively. Since each order of the signal
corresponds to a different frequency band, its corresponding depth
varies according to the power spectrum theory (Spector and Grant,
1970). We plot the power spectrum image corresponding to the
first eight orders of wavelet details, as shown in Figure 4. The
horizontal coordinate of Figure 4 is the wave number and the vertical
coordinate is the power. Based on Equation 7, we calculate the
curvature of different power spectrums (as shown by the red line in
Figure 4) to estimate the corresponding average field source depth,
and the results are shown in Table 1. Based on the average field
source depths corresponding to different signals, we reconstruct the
layered internal structure of MO, and the depth range and thickness
of each layer as shown in Table 1.

In Figure 3, the gravity anomaly signals of D1 are small, ranging
from —-1.22 to 1.05 mGal, and we presume that they may be due
to disturbances from data source. D2’s depths ranges from 7.8 to
13.4 km, and its gravity anomaly values range from -5.8 to 4.5 mGal.
The main area corresponding to the anomalous signals lies in CR,
showing a similar ring-like distribution. The corresponding depth
of D3 is between 13.4 and 19.4 km, and its gravity anomaly ranges
between —12.5 and 13.5 mGal. The main areas of the anomalous
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signals begin to contract into the basin and are distributed in IRR
and IDR. Compared to D2, the boundary features of the anomalous
signals in D3 are clearer. This phenomenon may be due to tectonic
evolution or differences in the compositional features of the lunar
crust. The depth of D4 is between 19.4 and 32.4 km, where the
gravity anomaly signal is significantly enhanced, ranging from —64
to 84 mGal. Combined with previous studies on the lunar crustal
thickness (Wieczorek et al., 2013; Liang et al., 2024), we suggest
that the anomalous signals here originate from the crust-mantle
interface beneath MO. Among them, the negative anomalies are
mainly concentrated in the centre of the basin, in part between
IRR and IDR. The positive anomalies are mainly located at the
inner margin of IDR, showing a ring-like distribution. The depth
of D5 is between 19.4 and 32.4 km. The results of Wieczorek et al.
(2013) showed that the crustal thickness of MO is basically less than
20 km. From D5 to D8, we interpret the gravity anomaly signals to
originated mainly from the lunar mantle. The gravity anomaly values
of D5 range from —146 to 228 mGal. Compared to D4, D5 begins to
show a clear signal of anomalous bodies. The anomalous body here is
located in the western part of the basin, and its western side borders
IDR. The anomalies are largely above 150 mGal and are centred at
98°W longitude and 18.5°S latitude. The depth of D6 is between
32.4 and 47.2 km, and its gravity anomaly ranges between —205 and
510 mGal, with the most drastic variations. Compared to D5, the
anomaly of D6 is significantly enhanced. It is located in the centre
of the basin and its southern side borders IDR. Most anomalies are
above 300 mGal and are centred at 93°W longitude and 21°S latitude.
The depth of D7 is between 64.0 and 83.2 km, and its gravity anomaly
ranges between —37 and 51 mGal. There is a large-scale anomalous
signal on the north-western side of the basin, but it is not as strong
as to D5 and D6. The depth of D8 is between 83.2 and 107.6 km, and
its gravity anomaly ranges between —25 and 32 mGal. Compared to
D5 and D6, there is a substantial decrease in the values of gravity
anomalies. Here, the gravity anomaly signals within MO are not
obvious, which indicates that structural deformation is present but
not significant.

In summary, the first three orders of wavelet details reflect more
the gravity anomaly features of the crust beneath MO. As depth
increases, the gravity anomalies are gradually enhanced, possibly
due to increasing differences in lunar crustal composition. The
fourth order wavelet detail reflects the gravity anomaly feature at
the crust-mantle interface beneath MO, and the anomalies range
more abruptly. The fifth and sixth order wavelet details seem
to show the morphology of the anomalous body beneath MO,
with its top located in the west side of MO and the bottom
of the anomalous body in the centre. The values of the seventh
and eighth order wavelet details tend to be stable. Compared
to D5 and D6, the gravity anomaly decreases by more than
200 mGal. This large decrease could indicate that the signal from
the anomalous body is very weak in D7 and D8. Therefore, in D7
and D8, we judged that the signal of the anomalous body has been
largely absent.

4.2 The density structure of MO

Based on the results after layering (Table 1), we modelled
each layer of the structure using Tesseroid bodies, with each
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Tesseroid body having a latitude/longitude interval of 0.5° x
0.5°, and the thickness of the Tesseroid body is the thickness
of the structure layer. After modelling, we calculated the
density anomalies at different layers using Equation 10, as
shown in Figure 5.
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In Figure 5, the density anomalies of D1 and D2 have relatively
weak variations, with values ranging from —0.043 to 0.035 g/cm?,
and are mainly distributed near CR. D3 reflects density anomalies at
an average depth of 16.4 km beneath MO, with values ranging from
~0.13-0.138 g/cm®. Here, the density anomalies are clustered in the
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110°W 100°W

FIGURE 6
The 3th-order wavelet approximation A3 of the Bouguer
gravity anomaly.

FIGURE 7
Depth of the crust-mantle interface beneath MO.

centre of the basin. Combined with previous impact simulation
experiments (Stewart, 2011; Potter et al., 2013; Johnson et al,,
2016), we suggest that this is the result of post-impact magma
infilling. D4 reflects the density anomalies at an average depth of
25.9 km beneath MO, with values ranging from —0.28-0.41 g/cm®.
The anomalies here mainly originate from the crust-mantle interface
beneath MO. The positive density anomalies are mainly circularly
distributed in the inner IDR, while the basin centre shows negative
density anomalies. This suggests that the uplift of the lunar mantle
around it is more pronounced compared to the basin centre. The
results of Zuber et al. (2016) also showed that there is an uplift and
rebound in the basin centre of MO, which is more consistent with
the distribution of the density anomalies. D5 reflects the density
anomalies at an average depth of 39.8 km beneath MO, with values
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ranging from —0.53-0.83 g/cm®. We interpret this as a high-density
body with a diameter of ~108 km, laying on the western side of MO,
centred at longitude of 98°W and a latitude of 18.5°S. D6 reflects the
density anomalies at an average depth of 55.6 km beneath MO, with
values ranging from —0.73-1.62 g/cm’. Below this depth, a high-
density body with a diameter of about 135 km lies at the centre of
MO, centred at longitude 93°W, latitude 21°S. D7 reflects the density
anomalies at an average depth of 73.6 km beneath MO, with values
ranging from —0.18 to 0.09 g/cm’. In particular, a large positive
density anomaly appears in the northwestern corner of the IDR. D8
reflects the density anomalies at an average depth of 95.4 km beneath
MO, with values ranging from —0.081-0.085 g/cm>. At this depth,
the density variations are very weak. This suggests that the structural
deformation is not significant, resulting in small horizontal density
differences.

In summary, there are two unexplored phenomena within MO.
One is that there are positive density anomalies surrounding the
basin centre at depths near the crust-mantle interface, which may
be lunar mantle material uplifted within the basin. The other is that
the upper mantle exhibits a significant high-density body. As it can
be seen from D5 and D6, the depth range of the high-density body is
32.4~64.0 km, with a diameter of ~108 km at the top and ~135 km
at the bottom. Previously, other scholars have also proposed the
existence of high-density anomalies beneath MO. For example, the
results of Liang et al. (2014) showed that there is a high-density
anomaly inside MO at a depth of 20-40 km, and the results of
Zhao etal. (2021) showed that there is a high-density anomaly inside
MO at a depth of 18-70 km. The depth range of the high-density
body differs from previous studies, but the results obtained by either
method demonstrate the presence of a high-density body. As can
be seen in Figures 5E,F, the density of this high-density body is
generally 0.8 g/cm® higher compared to other lunar mantle regions
within MO. The density contrast is extraordinary, greater than that
between the lunar crust and mantle, suggesting that there is a high
probability that the high-density body is not native to the region.
This phenomenon is similarly observed in studies of other impact
basins (Yu et al., 2023; Yu et al., 2024). Here, we suggest that the
high-density body may be a meteorite residue. Combined with the
positive density anomalies in D7, we have a hypothesis. The impact
that formed MO was tilted downward from the west, and the final hit
point of the meteorite was centered at 93°W in longitude and 21°S
in latitude. Because the impact led to the destruction of the original
structure in the western part of MO, the lunar mantle below the
fall point was extruded towards the western part of MO after being
subjected to pressure. The density of the extruded uplifted mantle
is also different from that of the original mantle, which explains the
source of the positive density anomalies in D7.

4.3 The crust-mantle interface of MO

To show a more richer structure of MO’s crust and upper mantle,
a fine model of the crust-mantle interface is needed in addition
to the density structure. Before inverting the model, we need to
subtract the influence brought by the lunar crust from the Bouguer
gravity anomaly. Based on the results of the wavelet multi-scale
analysis, we believe that D1~D3 are gravity signals originating from
the lunar crustal material. Using Equation 1, the third order wavelet
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FIGURE 8

Gravity signatures of the lunar crust (a), high-density bodies (b) and residual lunar mantle (c).

approximation A3 can be obtained as the deducted gravity anomaly,
as shown in Figure 6. Here, we believe that it mainly originates from
the crust-mantle interface.

After determining the gravity data required for the inversion,
the inversion parameters (average crust-mantle interface depth and
crust-mantle density contrast) need to be determined next. Based
on the model of Wieczorek et al. (2013), the average crust-mantle
interface depth and crust-mantle density contrast used in this paper
are 35 km and 0.81 g/cm?, respectively. To reduce the edge effects
from the inversion, the gravity data here are expanded by 5° in
all directions (i.e., the range is 70°W~120°W, 45°S~5°N). Based on
Equation 12, we invert the depth of crust-mantle interface beneath
MO, as shown in Figure 7.

In Figure 7, the crust-mantle interface in the study area ranges
from 1.5 to 31.2 km. It can be seen that, compared with the outer
region surrounding the study area, a marked mantle uplift appears
within MO (inner IDR). Such uplift feature shows an evident multi-
ring structure, with most of the crust-mantle interfaces at depths
within 10 km. Specifically, the mantle uplift at the centre of the
basin exhibits a shape hinting at an rebound phenomenon, and
its depth of crust-mantle interface is around 8 km. This feature
is relatively consistent with the density anomaly in Figure 5D,
and the uplift rebound at the centre is the main cause of the
negative density anomaly. The shallowest depth of the crust-mantle
interface is close to 1.5km, and it is mainly distributed in two
regions, in the northwestern and southern parts of MO. Quite
coincidentally, this highly overlaps with the locations of the high-
density bodies in Figures 5EG. This feature also seems to support
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our previous speculation about the location of meteorite impact.
Having underwent direct impact, these two regions also appear to
exhibit the remains of the most intense mantle uplift. Between IRR
and CR, around the basin centre, the depth of the crust-mantle
interface increases dramatically in a large annular region (the width
of the ring is about 162 km), generally around 30 km. In addition,
the crust-mantle interface is around 15 km in MA and KO, around
22 km in SC, and around 28 km in LO. Unlike the basin centre, the
crust-mantle interface in these craters is not significantly uplifted.
This suggests that the impacts which caused these craters essentially
caused their topographic structure and did not significantly affect
their deep-seated internal structure.

5 Discussion

To better show the overall morphology of the lunar crust, the
high-density bodies, and the residual lunar mantle beneath MO, we
merged D1 to D4 in Figure 3 and regarded them as the total signals
of the lunar crust, as shown in Figure 8A. By merging D5 and D6 in
Figure 3, we regarded them as the total signals of the high-density
bodies, as shown in Figure 8B. By merging D7 and D8 in Figure 3,
we regarded them as the total signal of the residual lunar mantle,
as shown in Figure 8C.

The gravity anomalies in Figure 8A range from —62 to 75 mGal.
In particular, the centre of MO shows a large negative gravity
anomaly around —60 mGal. Combined with the inferences from
previous meteorite impacts, we suggested that this could be the result
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of the filling of the original surrounding lunar crustal material after
the impact, which is less dense than the new structure after the melt,
resulting in the formation of a mass hollow. Between IDR and the
centre of the basin, there is a clear positive gravity anomaly with
a circular shape. Combined with Figure 7, we suggested that this
is most likely melted lunar crustal material. The gravity anomalies
in Figure 8B range from —190 to 508 mGal. The gravity anomalies
at the centre of MO are generally higher than 400 mGal, and the
high gravity anomalies are closely related to the high-density bodies
beneath the basin. Figure 8C shows the gravity anomalies of the
residual lunar mantle with values ranging from -48 to 62 mGal.
The positive gravity anomaly in the study area is much larger,
covering almost the entire inner region of ORR. We maintain
that there are two possible reasons for this phenomenon: one is
that some of the high-density body signals are not completely
separated. Since the separation of the high and low frequency signals
is relatively constant, this also leads to the possibility that some
of the signals from the high-density bodies (D5 and D6) are left
behind in D7 and D8. The other one is material from the upwelling
beneath the meteorite. Roberts and Arkani-Hamed (2012) propose
that an impact would promote the formation of an upwelling
beneath the impact site. As a result of the upwelling, deeper mantle
material was brought up, which is the probable cause of the high
density in Figure 8C.

6 Conclusion

Based on the GRGM1200A gravity field model, we invert the
density structure and crust-mantle interface model of MO’s interior.
We report two main findings about the internal structure of MO.
In the upper mantle of MO (depth range 32.4-64 km), a large high-
density body was found with anomalous densities generally greater
than 0.8 g/cm®. The top and bottom of the high-density body are
similarly rounded. The centre of the top is at 98°W longitude and
18.5°S latitude, with a diameter of ~108 km, while the centre of the
bottom is at 93°W longitude and 21°S latitude, with a diameter of
~135 km. In addition, the crust-mantle interface of MO (inner IDR)
has a pronounced uplift, with the shallowest point close to 1.5 km.
Both the density structure and the crust-mantle interface model
confirmed that the uplift of the crust-mantle interface beneath MO
is not regular. Compared with the surrounding area, the uplift at the
centre is not the largest, with a depth of about 8 km. By analysing
the density structure and the crust-mantle interface model, we
concluded that the formation of MO was mainly due to a tilted
large impact feature. This large impact reached a maximum depth
of nearly 64 km with a maximum diameter of nearly 135 km. The
impact left meteorite remnants, which are the mentioned high-
density bodies. At the same time, there was significant uplift of the
lunar mantle in the direct impact area.
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