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Abstract: The Von Kérman Crater, within the South Pole-Aitken (SPA) Basin, is the landing site
of China’s Chang’E-4 mission. To complement the in situ exploration mission and provide initial
subsurface interpretation, we applied a 3D density inversion using the Gravity Recovery and Interior
Laboratory (GRAIL) gravity data. We constrain our inversion method using known geological
and geophysical lunar parameters to reduce the non-uniqueness associated with gravity inversion.
The 3D density models reveal vertical and lateral density variations, 2600-3200 kg/m?, assigned to
the changing porosity beneath the Von Karman Crater. We also identify two mass excess anomalies
in the crust with a steep density contrast of 150 kg/m?3, which were suggested to have been caused by
multiple impact cratering. The anomalies from recovered near surface density models, together with
the gravity derivative maps extending to the lower crust, are consistent with surface geological
manifestation of excavated mantle materials from remote sensing studies. Therefore, we suggest that
the density distribution of the Von Karman Crater indicates multiple episodes of impact cratering
that resulted in formation and destruction of ancient craters, with crustal reworking and excavation
of mantle materials.

Keywords: Von Karman Crater; density structure; gravity inversion; Chang’E-4 mission

1. Introduction

The Von Kérman Crater is a pre-Nectarian crater with a diameter of ~186 km [1] within the largest
known impact structure on the farside of the Moon, the South Pole-Aitken (SPA) Basin (Figure 1) [2].
The SPA is the oldest impact basin with a well-preserved impact history, which suggests that the
earliest lunar history and processes related to impact cratering can be studied from it [3,4]. The SPA is
subdivided into four distinct compositional zones [4], with the Von Karman Crater situated within
the Mg-Pyroxene Annulus zone. The Mg-Pyroxene Annulus contains the main materials that were
excavated and melted by the SPA-forming event as indicated by its relatively uniform composition,
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great area, depth, and thickness. Subsequently, the Von Kdarman Crater was filled with mare basalt
around 3.6 Ga in the Imbrian period [2,5,6]. The Von Karman Crater is further characterized by a
very thin crust with an average of 10 km [7]. It also shows evidence of differentiated impact melts
during its formation [3], low crater-floor elevation values with an average of 5926 m [2], relative to
a mean lunar radius of 1737.4 km [8] and high Bouguer gravity values in the southern part [9].
The thin crust inferred from a gravity-derived crustal thickness model [7] implies that the mantle is
uplifted in this region [7,9,10], with a possibility of upper mantle materials exposed on the surface [4].
These characteristics of the Von Karman Crater make it a good candidate for subsurface studies using
gravity data, as density distribution beneath the Von Karman Crater could complement the geological
and spectral studies.

180° 120°W 75°W 30°W 0° 45°E 90°E 135°E 180°
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Figure 1. The crustal thickness map of the Moon, centered on the farside (Winkel tripel projection [7]).
Also shown are the locations of the South Pole-Aitken Basin and the Von Karman Crater. The black
polygon shows the extent of the study area, which includes the Von Kdrman Crater and surrounding
craters. The red pentagram indicates the location of the Chang’E-4 landing site (177.59°E,
45.46°S; [11,12]).

The China’s Chang’E-4 lunar exploration spacecraft successfully landed on the Moon in January
2019 [11], and started the first in-situ exploration of the farside of the Moon. The landing region was
located in the southern part of the Von Karman Crater, within the mare basalt region [12]. A detailed
geological and spectral analysis in the Von Karman Crater indicates compositional and mineralogical
differences for basaltic rocks compared to the nearside of the Moon. The surface materials in this region
are characterized by a low titanium content, few mafic minerals and iron-depleted mare basalts [2,13],
which forms a basis for further interpretation of the in-situ exploration. Some previous studies, however,
have indicated that mantle materials are possibly exposed in the SPA region [4], while some studies cast
doubt on such occurrences [13-15]. However, the first published results from the Chang’E-4 mission [16]
show that the surface of the Von Kdrman basin is characterized by mafic components that are dominated
by low-Ca pyroxene (LCP) and olivine, with a very small amount of high-Ca pyroxene (HCP), which
suggest a deep-seated, upper mantle origin [17]. Despite the presence of mare and other basaltic
materials on the landing site of the Change’E-4 in the Von Karman Crater [4], it is suggested that these
excavated mantle materials originated from the Finsen Crater in the northeast [13,16], with a possibility
that they originated from the base of the differentiated melt sheet [18]. These studies, however, do not
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consider the subsurface extent of the surficial manifestation of the mare basalt and possible mantle
excavated materials. Our study therefore correlates the surface basaltic materials with the subsurface
density distribution. We investigate the geophysical characteristics of the subsurface structures for the
Von Karman Crater using GRAIL gravity data. The presence of small-scale features revealed by the
GRAIL gravity data [9,19] was correlated to the near surface materials, its porosity and compositional
differences within the Von Karmén Crater [19-22]. We then identify the existence and possible extent
of differentiation of the SPA melt sheet [18,23] and the possible subsurface extension of the surficial
basaltic material [2,13] based on density models using density inversion method. The approach gives a
3D subsurface characteristic of the Von Karman Crater that furthers our understanding of the origin
of the basaltic surface materials. Therefore, it complements the geological and spectral analysis of
the Chang’E-4 in-situ acquired data, which subsequently echoes the surface anomalies of possible
mantle sources.

2. Materials and Methods

2.1. GRAIL Gravity Data

The Gravity Recovery and Interior Laboratory (GRAIL) mission significantly improved the gravity
resolution and accuracy of the Moon, adding value to the existing lunar gravity models from Luna
Prospector, Kaguya and other existing data [24]. The first phase of the data collection, also called the
Primary Mission, of GRAIL mapped the gravity field of the Moon beginning from March 1st, 2012 up to
May 29th, 2012, flying at a mean altitude of 55 km [25,26]. This was followed up by the second
phase, also called the extended mission, that mapped the Moon starting on August 30th, 2012 and
ending on December 14th, 2012, collecting data at a lower mean altitude of 23 km [25,26]. The GRAIL
mission thus produced a lunar gravity field of unprecedented quality with a high spatial resolution
expanded to spherical harmonic for different degrees and orders, e.g., 660, 900, and 1200 [9,27,28].
Such improvement has increased the spatial resolution by a factor of 3 to 4, with the RMS power of the
GRAIL data error ~5 orders of magnitude smaller than the RMS power error in previous models [27].
High resolution data have the ability to resolve smaller anomalies on the Moon [19], which improved
the results obtained from previous gravity models.

To achieve the objective of the study, we used higher spatial resolution (~4.5 km) GRAIL gravity
data expanded to a spherical harmonics degree and order 1200, extracted from the GRGM1200A
model [9]. The Bouguer anomaly data were calculated using SHTOOLS [29-31] at a height of 10 km
with a Moon reference radius of 1738 km. The bulk density of the South Pole-Aitken, in which the
Von Kérman Crater is located, is ~2880 kg/m3 [19]. The density value is higher than the average crustal
density of 2550 kg/m3 for the feldspathic highlands crust [7]. It is also noticed that the typical SPA
interior is more mafic than feldspathic material [32], which is consistent with the use of the higher
average density value of ~2880 kg/m? [18]. Thus, we used this assumed density value for the South
Pole-Aitken Basin in the gravity data calculation to obtain the Bouguer anomaly. The gravity data
were then truncated between degrees 6 to 450 to avoid long-wavelength data from the deep mantle
and noise that is contained in short-wavelength signals as a result of orbit parallel stripping at higher
altitude (Figure 2). The resulting filtered data highlight mid- to short-wavelength crustal sources
required for the subsurface analysis [25].
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Figure 2. Study area. (a) Topographic map of the broader Von Karman region and the surrounding
craters, farside centred, after Barker et al. [8]. The Von Karmdn Crater is enclosed by several other
impact craters, namely, the Leibnitz crater in the north, the Finsen crater in the northeast and the
Von Kérman M in the south. Also shown are the extent of our gravity inversion (Blue polygon),
the boundary of the Von Karman raised rim (White-dashed polygon) and the extent of high gravity
region (Black-dashed polygon; Figure 2b). (b) Lunar Bouguer anomaly from the GRGM1200A gravity
model available for the spherical harmonic degree and order 1200 [9], truncated between 6—450 degrees,
nearside centred, after Goossens et al. [9]; (c) The crustal thickness map of the Von Karman Crater,
nearside centred, after Wieczorek et al. [7]. The red pentagram shows the location of the ChangE-4
landing site (177.59°E, 45.46°S; [11,12]).

2.2. Gravity Derivative Calculation

In order to characterize the relationship between the surficial and near surface basaltic materials
and the deep-seated structures, the Bouguer gravity data were subjected to first-order vertical derivative
and tilt angle derivative calculations [33]. The calculations enhance the small-scale anomalies of
the crustal structures [34,35]. These techniques are effective as the basaltic materials have different
density values than the abundant and wide-spread surrounding feldspathic crustal materials [36—-40].
In this scenario, the first vertical derivative estimates the rate of change of density values of basaltic
materials in the vertical direction. The tilt-angle derivative, however, is very effective as it normalizes
all the density changes, such that subtle and less evident small-scale features in the horizontal and
vertical directions are well enhanced. Thus, we used the derivative results to reveal the surface and
near-surface basaltic materials. We also compared the derivative results with the small-scale features
recovered from 3D density inversion, which could indicate that the inversion was successfully applied.
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2.3. Three Dimension (3D) Density Inversion

2.3.1. Inversion Algorithm

In this section, we describe the mathematical description of the inversion algorithm, which is
applied in spherical approximation by using spherical prisms, called tesseroids. This density inversion
algorithm has been tested on synthetic data and applied to the Moon [41-44]. It is based on the Li
and Oldenburg [45,46] depth weighting algorithm. The basic formula for the depth weighting inverse
problem for the algorithm is given by Equation (1):

2 2
@(m) = Gg+ u@n = [Wy(Gm — d™* I+ ull Wy (1m = mye )1 1)

In Equation (1), @, is a measure of data misfit. It is represented using a 2-norm measure [45,46]
where W; is a data weighing matrix with a diagonal elements of 1/¢; in which o is the standard
deviation of the i datum. G is the kernel function that denotes the relationship between the geological
model () and the observed data (4°%). The model objective function (9,), also called a model norm,
measures the smoothness of the model. W, is also a weighting matrix for the model objective function
that defines the closeness and smallness between the recovered model (1) and the reference model
(myef). Thus, the objective function @(m) for the inversion combined the model objective function and
the data misfit, and is controlled by a regularization parameter (u). A regularization parameter [47]
basically balances up the model objective function and data misfit. The best fit value of u lies at the
corner of the L_curve for a plot of the model norm against data misfit [48-50]. The original objective
function [45,46] was designed to work in a Cartesian coordinate system. This poses a difficulty
when applied to a large area with noticeable surface curvature on the Moon due to its small radius.
To overcome this limitation, Liang et al. [44] extended the model objective function within the depth
weighting algorithm for application in a spherical coordinate system [44]. They modified the depth
weighting function in the algorithm using uniform prism cells to re-scalable prism cells along the
radial direction from the surface going downwards designed for the spherical coordinate system (scs).

The solution of the inversion problem is obtained by minimizing the objective function
(Equation (1)) following Equation (2). This equation is solved as the conjugate gradient (CG) matrix
with an iterative algorithm,

[Gngde + [.lwz;lwm]m = GTWngdObS + HW;szmref 2)

In Equation (2) GT, W{? and W are transpose matrices for the G, W; and Wy, that were described in
Equation (1). We also include the Lagrangian multiplier [51,52] method introduced by Zhang et al. [41]
within the model objective function to fit the constraints information. This increases the reliability of
the inversion results. For instance, the penalty factor compels the recovered model to be more reliable,
whilst the geological constraints improve the inversion results [43]. The resulting extended formulae
(Equation (3)) for this constrained inversion algorithm is described by Zhang et al. [43] and is given by:

[GTWIW,G + p W Wi + M(Fy + Fp + F3) |m
= GTWIW % 4+ uW] Womtyp — FoAD + F1AT + FoAJ ®)
+3M(Fomg + Fymy + Fym) + 3M(F122 - F272)

In Equation (3), the diagonal of the matrix F; denotes the index of the constrained information
in each divided rectangle cell, M is the penalty factor, A represents Lagrangian multipliers, and Z;
is the slack variable of the ith cell, where i is the index number for each cell that represents defined
geological/geophysical bounds constraints.
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2.3.2. Implementation

The dataset and the inversion space were prepared using the 3D mesh as illustrated in Table 1.
The spatial resolution of the data was increased from ~4.5 km [9] to ~6 km (or 0.2°), given that
1° is equivalent to ~30.2 km on the Moon. The depth of the 3D mesh was constrained to 22 km,
which represents the deepest point of the crust-mantle boundary in our study area [7]. The depth
extent is consistent with the calculated Bouguer gravity data, which are mostly characterized by
signals from the lunar crust. Then, the distance in the radial direction was discretized into cell sizes of
0.5 km. The final 3D mesh had 98, 400 data cells (50 cells in the longitudinal direction X 48 cells in
the latitudinal direction X 41 cells in the radial direction) that occupied a physical volume space of 26,
299, 735 km? (302 km X 295.95 km x 22 km). The geophysical bound constraints, representing density
values, within each cell in the 3D mesh were set to —580 kg/m?® and 520 kg/m>. These values represent
the geophysical/geological upper and lower bound constraints, based on the crustal densities, relative
to the average density of the South Pole-Aitken Basin. Normally, lunar crust densities vary between
2300 kg/m3 and 2900 kg/m> with an average of 2550 kg/m? [7]. A 3D mesh with a flat base extending to
22 km could include the mantle, since the greater part of the study area has crustal thicknesses less
than 22 km, with the thinnest crust at 5 km. Furthermore, the region is known to have occurrences
of basalts that have higher density values [2,6,16,23]. Thus, we extended the density variation to
3300 kg/m3; hence, the values of the upper bound exceed the difference between the average density
value of the Aitkin Basin, ~2880 kg/m?, and the average lunar crustal density, ~2550 kg/m>. As a
result, the background density for each cell was set to zero (0) kg/m? that represents the 2880 kg/m? in
absolute density terms, to obtain the density contrast within the upper and lower bound constraints.

Table 1. The 3D mesh and dataset for inversion.

. . Model Data
Region Inversion Range
Grid Size  Grid Number Data Size  Data Number
Longitude 0.2° 50 0.2° 50
Von Kérman Latitude 0.2° 48 0.2° 48
Depth 0-2 km 0-50 km
Radial direction 0.5 km 41 0.5 km 41

During the inversion, some parameters, i.e., roughness factor, length scale, depth weighting
parameter, were kept constant (Table 2), based on previously accepted studies and extensive test
results [41,45,46]. However, a penalty factor was assigned to a small value of 1.0 x 107 (with an
increment of 2) and iteratively increased until the penalty factor fit the constrained information [41].
The same was applied to the criteria for terminating the iteration by defining the convergence values
for the inversion and conjugate gradient (CG) method (Table 2). Each of the iterative results was
forward modeled in spherical approximation by numerically solving the Gauss-Legendre quadrature
(GLQ) integration problem [53], thereby finding an optimal solution that minimizes the data misfit and
model objective function. Despite this parameter control, the gravity inversion procedure is still an
ill-posed problem that suffers from non-uniqueness, which produces multiple solutions. We controlled
this and identify a best fit solution by inverting the data with 14 different values of the regularization
parameter (Table 2; Figure 3). The 14 values were obtained after experimenting with a number of
ranges to produce 14 different models (Figures A1 and A2). The plotted L_curve for the 14 regularizing
parameters (Figure 3) identifies the value of 1.5 as a best fit regularization parameter, which enabled a
construction of a desirable density model. This model was used for geophysical interpretation of the
Von Karman Crater as discussed in Section 3.
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Table 2. Inversion parameters.
Final Parameters for the Density Inversion Determining the Optimal Value of the Regularization Parameter
Parameter Value No Tikhonov Parameter Exponent  Tikhonov Parameter =~ Data Misfit Value =~ Model Norm Value
Roughness factor 2,2,2 1 4.00 10,000.00 22714.7 9.55
Length scale 1x10710 2 3.00 1000.00 2146.65 14.49
Depth weighting parameter 2 3 2.50 316.20 879.65 16.63
Penalty factor 1x107¢ 4 2.00 100.00 437.87 19.09
Increase number for penalty factor 2 5 1.50 31.62 256.41 23.03
Convergence threshold of the inversion 1x107% 6 1.00 10.00 167.94 31.41
Maximum iteration number of the inversion 1000 7 0.50 3.16 114.40 49.92
Convergence threshold of the CG method 1x108 8 0.00 1.00 75.13 91.54
Maximum iteration number of the CG method 500 9 0.05 1.12 78.55 85.74
10 0.10 1.26 82.09 80.37
11 0.15 1.41 85.75 75.41
12 0.20 1.59 89.51 70.83
13 0.30 1.59 89.51 70.83
14 0.40 2.51 105.65 55.79
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Figure 3. L_curve solution for data misfit (¢;) against model objective function (¢, ). The plot, called
the L_curve method, indicates the optimal value of regularization parameter as a value that lies at the
corner of the L_curve.

3. Results

The recovered 3D density structures beneath the Von Karman Crater indicate the presence of both
lateral and horizontal density variations that range from 2600 kg/m? to 3200 kg/m? (Figures 4 and 5).
We also noticed that the small-scale density anomalies are confined to the upper 8 km of the crust.
The anomalies observed on the density slice up to the depth of 5 km can also be seen in the first
vertical derivative and the tilt angle derivative (Figure 4a,b), which validates our inversion results that
resolved the small-scale anomalies. The inversion results also show short-wavelength artifacts up to
the depth of 7.5 km (Figure 4c—f) that were introduced in the results primarily due to the use of a radial
cell size of 0.5 km. The crust-mantle boundary is generally thin in the study area, with high-density
anomalies, >3000 kg/m?, located below this boundary. The density values increase with an increase
in crustal depth beneath the high gravity regions. However, in other areas, especially the immediate
area just below the crust-mantle boundary of the Von Karman Crater, the density values decrease with
an increase in crustal depth. The upper 2 km indicates a relatively low-density value of ~2900 kg/m3
and conversely the region between 2 km and 10 km reveals a higher density value of greater than
3000 kg/m3, which could be due to presence of buried and thick near surface basaltic materials [2,13]
that overlay the feldspathic crust [54,55]. The crustal model number 2 of Wieczorek et al. [7] from
GRAIL gravity data was plotted on the vertical cross-section as a depth reference. The density models
do not correlate with the crustal thickness as the two are constructed from different levels of gravity
anomalies, since crustal thickness modeling is subjected to heavy filtering that removes most of the
gravity signal to attain model stability [7,29].
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Figure 4. Derivative calculations results draped on a hill-shade topographic map, a-b; (a) First vertical

derivative. The letters X, Y, Z and W represent anomalous areas in this region. The dashed-white line

in Figure 4a represents a possible boundary that separates the high-density region from a relatively

low-density region. and (b) Tilt angle derivative; and the horizontal density slices c-i, at the depth of
(c) surface, (d) 2.5 km, (e) 5 km, (f) 7.5 km, (g) 10 km, (h) 15 km and (i) 20 km. The three black lines (a-c)
in Figure 4a—c represent the location of the vertical cross-section shown in Figure 5, and the red dashed

(d and e) in Figure 4c lines represents the location of the vertical cross-section across the landing site.
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Figure 5. Vertical cross-section maps for the Von Karman Crater. A vertical cross section, (a—c),
reveals the subsurface density distribution of locations shown in Figure 4 of the same letters, with a
vertical exaggeration of 2. A vertical cross-section, (d,e), indicates the subsurface structure across the
landing site (177.59°E, 45.46°S; [11,12]). The black dotted line indicates the crust-mantle boundary from
model 2 of Wieczorek et al. [7].

Figures 4 and 5 reveal both shallow and deep subsurface density structures of the Von Karman
Crater. The shallow subsurface structures are clearly visible even from the derivative maps (Figure 4a,b),
which are also consistent with the recovered density model (Figure 4c—f). The northern rim of the
Von Karmén Crater, labeled W, reveals an anomalous region (Figure 4a,b), with a density value of
~2900 kg/m? that extends to the depth of ~10 km (Figure 5a). This area is flanked by low gravity regions
within the base of the elevated region, noticed in both the derivative maps and the density slices up to
the depth of 7.5 km. The southern rim of the Von Karman Crater, however, reveals the highest density
values, ~2900 kg/m? on the surface (Figure 5) that go up to 3150 kg/m? on the crust-mantle boundary.
Below the crust-mantle boundary, the density decreases to ~3000 kg/m®. The crust is noticeably thin in
this region [7]. This anomaly forms an elliptic and elongated E-W trending feature along the elevated
areas, apparently squeezed between the Von Karman and the Von Karman M Craters.
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The high-density subsurface structures (labeled Y) show an obvious annulus of a low-density
anomaly, which is more visible on the gravity anomaly than on density models. Unlike other regions
with a similar high gravity center surrounded by an annulus of low gravity features [56-58], the annulus
in this region transcends two impact craters, the Von Karméan and the Von Kdrméan M. The low-density
annulus are consistent with the thicker crust surrounding the high-density central part (Figures 2 and 3),
which also transcend these two craters. Adjacent to this body, an extension of the high-density anomaly
of ~2950 kg/m? is located within a flat crater floor, also noticed on the topographic map (Figure 4a—c).
The derivative maps (Figure 4a,b) reveal a slightly low-gravity region between these two bodies (white
dashed line on Figure 4a and pointed by two white arrows on Figure 4b). The striking dissimilarity
between these two anomalies, low-density northern part, labeled X, and relatively higher-density
southern part, labeled Y, suggests that these two anomalies were possibly formed as a single body
but underwent different post formation conditions. The possible boundary of these two anomalies
is placed on the ~2900 kg/m? region (dashed white line on Figure 4a) with the subsurface density
structures, indicating two regions (Figure 4c—e, Figure 5b,c).

The high-density anomaly ends on the edge of the Chang’E-4 landing site (red star on Figure 4),
which suggests that the landing site is directly above the feldspathic crust, overlain by considerable
amount of mare basalt [13]. These characteristics are also revealed by the vertical cross-section
on the landing site (Figure 5d,e). The densities are slightly higher than the underlying crust,
~2800 kg/m>. Another high-density anomaly, labeled Z, is located in the middle of the Von Karman
Crater. The anomaly indicates possible buried materials of the crater’s central peak within the crust,
with a density value of ~2850 kg/m3. The high density associated with this anomaly is entirely
located above the crust-mantle boundary (Figure 5a). The density values of this anomaly are slightly
comparable with the values of the northern rim anomaly, labeled W, but lower than the southern
anomalies, labeled X and Y.

4. Discussion

4.1. 3D Density Model and Evolution for the Von Kdrmdn Basin

The 3D gravity inversion has revealed a prominent mass excess on the southern rim of the
Von Kérman Crater. The subsurface configuration of this feature, with a bowl-shaped anomaly,
thin crust and a high-density region beneath the surface characterizes a buried impact basin [59-61].
The Bouguer gravity anomaly in this region (~85 mGal) is relatively small to indicate uplifted mantle
materials. Instead, it could be derived from the filled basalts in the impact crater [61]. However, the
noticeable different subsurface structural configurations, with high-density asymmetry, could indicate
an increase in density towards the southern part of the high-density region, which suggests a possible
decrease in porosity or an increase in the mafic content [7,19,21]. We hypothesize that the structures
were initially formed by a single impact cratering event. This is further evidenced by an annulus of low
gravity values that surrounds the high-density anomaly. We also suggest that the high-density region
predates the Von Karman Crater, possibly formed during the formation of the Von Karman M Crater.
Stratigraphic sequences and dating techniques indicate that the Von Karman Crater postdates and is
superimposed on the Von Kdrman M Crater, obscuring the crater morphology of the Von Karman M
Crater [13]. Thus, we discuss the formation and evolution of the mass excess on the southern rim of
the Von Kédrman Crater in relation to the Von Karman M Crater.

We investigate the possible mode of formation for the mass excess related to our proposed multiple
impact cratering. We propose that the mass excess beneath the Von Kédrman and Von Karman M
Craters was formed by three impact events as a result of multiple impact cratering. The first major
impact event, that occurred more than 4 Ga years ago, in the multiple cratering scenario created the
SPA that eventually excavated the lower crust and probably the upper mantle, resulting in a very thin
crust region [7,23]. Then, this event was followed by another impact event that created the Von Karman
M Crater, similar to the formation of an ancient mascon [56,57,62]. This event happened between
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4 Ga and 3.97 Ga years ago, as dating techniques indicate that the Von Karman M Crater predates
the Von Karman Crater [13]. However, the mantle materials did not push the crust to attain isostatic
stability in this region, as noticed from the lack of the excessive high-density anomaly beneath the
crust-mantle boundary. This impact event probably excavated an already thinned crust forming a
bowl-shaped geometry and possibly further exposing mantle materials in the Von Karman M Crater.
The Von Kdarman M Crater was subsequently filled by mare basalts that created a buried impact
basin [59,61] with high-density and high gravity anomalies labeled X and Y. Finally, a third impact
event reworked the Von Karmédn M Crater and created the Von Karmdn Crater. In the process, the
existing high-density region beneath the Von Karman M Crater was probably pushed southwards or
thermally reworked during the impact. The other explanation is that the northern part of the mass
excess (labeled X) was excavated by the impact event that created the Von Karman Crater while the
southern part (labeled Y) returned its basaltic thickness. This could explain the density asymmetry
of the body. The presence of a central peak, labeled Z on Figure 4, suggests that the high-density
anomalies, X and Y, predate the Von Karman Crater and that the central peak is associated with
the formation of Von Karman Crater. Thus, the high-density region was created during later stages
of multiple cratering and was not excavated during the formation of SPA. The Von Karman Crater
was also later filled by mare basalts, since multiple volcanic lava flows in the Von Karman Crater
region have been identified by remote sensing techniques to have occurred in different time periods,
e.g., ~3.75 Ga [6], ~3.35 Ga [63], 3.15 Ga [6].

4.2. Implication of the Von Kdrmdn Density Structure for the Chang’E-4 Mission

The outstanding research question in the formation of SPA hinges on the possibility that the upper
mantle was excavated and brought to the surface. The Chang’E-4 mission explored this possibility
with initial interpretation confirming the presence of mantle materials from the presence of olivine
and LCP [16]. Li et al. [16] and Qiao et al. [13] suggested that the mantle materials, with the presence
of olivine and LCP, originated from the Finsen Crater and were transported to the Von Karman
Crater. Our inversion results, however, reveal that the mass excess anomalies (Y and X on Figure 4)
were created as the result of possible multiple impact cratering that reshaped and concentrated the
anomaly in the southern end of the Von Kdrman Crater. The mass excess anomaly labeled X has
an apparent correlation with both surface mineralogy and mare volcanism [4,13]. The floor of the
Von Karman Crater is characterized by mare basalts in the southern part and feldspathic materials
in the northern part. This is evidenced in the recovered density models, with >2900 kg/m? values
localized in the southern part. Qiao et al. [13] also identified an additional possible underlying basaltic
layer, beneath the mare basalt layer, at a depth up to ~30-90 m, characterized by slightly higher iron
and titanium contents.

In Section 4.1, we indicated that the second impact event that created the Von Kdrman M Crater
excavated a thinned crust that probably contained upper mantle and lower crust materials. The mare
basalts that were deposited in this region could have buried the mantle materials, which were eventually
excavated by the third impact event that created the Von Kdrmén Crater. Since it is shown that the
materials of the Chang’E-4 landing site have a strong resemblance to the mantle originated mafic central
peak of the Finsen Crater, we suggest that the impact cratering that formed the SPA basin excavated
mantle materials. Then, re-excavation by the impact forming the Von Karman Crater exposed the
mantle materials. This is evidenced by the absence of mantle materials in region Y, and high correlation
of basaltic materials with the presence of olivine and LCP with region X [16]. Possibly, the mare
basalts mixed with mantle materials, indicating a relationship between the mantle materials on the
floor of the Von Karman Crater and the Finsen Crater. We thus suggest that the impact forming the
Von Karman Crater contributed somewhat to the secondary excavation of mantle materials that were
initially excavated by events that formed the SPA and were buried by the mare basalts that occurred
after the impact event that created the Von Kdrman M Crater.
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5. Conclusions

We performed a 3-D inversion of the GRAIL gravity data to produce a density model of the
Von Karman Crater. Our results reveal that the region is underlain by a mass excess anomaly beneath
the Von Karman M Crater with a density of ~3200 kg/m?, on the southern rim of the Von Karmén basin.
A relatively high-density mass excess anomaly with a density value of up to 3100 kg/m? connects to the
first anomaly in the northern part. Basaltic rocks covering the Von Karman basin show an extended
body on the surface, with the northern part of the Von Karman basin indicating a more feldspathic
composition. We suggest that this was as the result of the buried mare basalts that created a buried
impact basin in the Von Karman M Crater. The inversion results are consistent with the spectral and
geological results from remote sensing and gravity derivative data. The occurrence of high-density
materials that extend to the lower crust correlates with excavated mantle materials observed on
the floor of the Von Karman basin, suggesting that the impact cratering could have brought upper
mantle materials to the surface. We thus infer that the evolution of the Von Karméan basin was due to
multiple episodes of impact cratering that resulted in crustal reworking and secondary excavation of
mantle materials.

Author Contributions: Conceptualization, J.Y. and C.C.; methodology, C.C. and Q.D.; analysis, C.C.;
resources, Q.D.; writing—original draft preparation, C.C.; writing—review and editing, J.Y., C.C., ].-P.B,;
interpretation, C.C., ].Z.; supervision, J.Y.

Funding: Jianguo Yan (J.Y.) is supported by a grant provided by the National Scientific Foundation of China (Grant
No. U1831132 and 41374024), Innovation Group of Natural Fund of Hubei province (Grant No. 2018CFA087).
Jean-Pierre Barriot (J.-P.B.) is funded by a DAR grant in planetology from French Space Agency (CNES).

Acknowledgments: GRAIL gravity data, which we used, are available from NASA Planetary Data System
(https://pds.nasa.gov/).

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

—_—
)
-

3154
3031
2908
2785
2662

Depth (km)

Kglm'

_—
o
-

3154

2908
2785
2662

Ke /o

Depth (km)

D
0

3154

2908
2785
2862

Kg/m'

Depth (km)

46°S 45°S

Figure A1. Cont.


https://pds.nasa.gov/

Sensors 2019, 19, 4445 14 of 17

—_

d)

3154
3031
2908
2785
2662

5

Depth (km)

- =
o

3
49°8 48°s 47's 46°S Kgim

—_
)
=)
w
=

3154
3031
2908
2785
2662

Kg /o'

.}

(=]

Depth (km)

- =

49°s 48°S 47°S 43°s

3

Depth (km)
- -

3
50°S 49°s 48°s ) 46°S 45°5 44°s 43'5 42°5 Ke/m

Figure Al. Some of the models that were recovered from changing the exponent of the Tikhonov
parameter during 3D inversion for (a) 0.2, (b) 0.3, (c) 0.4, (d) 0.5, (e) 1 and (f) 1.5.

S N

3154

—_

aEz 3031

P 2908

o 2785

@

a 2662
Kg/m’
3154

—

E S5 3031

= 2908

£10

a 2785

[

(=] | 2662
Kg /'
3154

_

E S5 3031

= 2908

<10

a 2785

@

a1 2662
Kg/m'

3154

L]

3031
2908
2785
2662

0

Depth (km)

1
15

3
455 Kg/m

(d)

Figure A2. Some of the models that were recovered from changing the exponent of the Tikhonov
parameter during 3D inversion for (a) 2, (b) 2.5, (c) 3 and (d) 4.



Sensors 2019, 19, 4445 15 0f 17

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Losiak, A.; Wilhelms, D.E.; Byrne, C.J.; Thaisen, K.G.; Weider, S.Z.; Kohout, T.; Kring, D.A. A new Lunar
Impact Crater Database. In Proceedings of the 40th Lunar and Planetary Science Conference, Houston, TX,
USA, 23-27 March 2009.

Huang, J.; Xiao, Z.; Flahaut, J.; Martinot, M.; Head, J.; Xiao, X.; Xie, M.; Xiao, L. Geological Characteristics of
Von Kérman Crater, Northwestern South Pole-Aitken Basin: Chang'E-4 Landing Site Region. J. Geophys. Res.
Planets 2018, 123, 1684—-1700. [CrossRef]

Potter, RW.K,; Collins, G.S.; Kiefer, W.S.; Mcgovern, PJ.; Kring, D.A. Constraining the size of the South
Pole-Aitken basin impact. Icarus 2012, 220, 730-743. [CrossRef]

Moriarty, D.P,; Pieters, C.M. The character of South PoleAitken basin: Patterns of surface and subsurface
composition. . Geophys. Res. Planets 2018, 123, 729-747. [CrossRef]

Yingst, R.A.; Head, J.W,, IIl. Volumes of lunar lava ponds in South Pole-Aitken and Orientale Basins:
Implications for eruption conditions, transport mechanisms, and magma source regions. |. Geophys. Res.
1997, 102, 10909-10931. [CrossRef]

Pasckert, J.G.; Hiesinger, H.; van der Bogert, C.H. Lunar farside volcanism in and around the South
Pole-Aitken basin. Icarus 2018, 599, 538-562. [CrossRef]

Wieczorek, M.A.; Neumann, G.A.; Nimmo, F; Kiefer, W.S,; Taylor, G.J.; Melosh, H.J.; Philips, R.J;
Solomon, S.C.; Andrews-Hanna, J.C.; Asmar, SW.; et al. The Crust of the Moon as Seen by GRAIL.
Science 2013, 339, 671-675. [CrossRef] [PubMed]

Barker, M.K.; Mazarico, E.; Neumann, G.A.; Zuber, M.T.; Haruyama, J.; Smith, D.E. A new lunar digital
elevation model from the Lunar Orbiter Laser Altimeter and SELENE Terrain Camera. Icarus 2016,
273, 346-355. [CrossRef]

Goossens, S.; Lemoine, EG.; Sabaka, T.J.; Nicholas, ]J.B.; Mazarico, E.; Rowlands, D.D.; Loomis, B.D.;
Chinn, D.S.; Neumann, G.A.; Smith, D.E.; et al. A global degree and order 1200 model of the lunar gravity
field using grail mission data. In 47th Lunar and Planetary Science Conference; Lunar and Planetary Institute:
Houston, TX, USA, 2016; pp. 13-14.

Neumann, G.A.; Zuber, M.T.; Wieczorek, M.A.; Head, ].W.; Baker, D.M.H.; Solomon, S.C.; Smith, D.E.;
Lemoine, EG.; Mazarico, E.; Sabaka, T.J.; et al. Lunar impact basins revealed by gravity recovery and interior
laboratory measurements. Sci. Adv. 2015, 1, 1-11. [CrossRef]

Di, K,; Liu, Z.; Liu, B.; Wan, W.; Peng, M.; Wang, Y.; Gou, S.; Yue, Z.; Xin, X.; Jia, M.; et al. Chang’E-4 lander
localization based on multi-source data. J. Remote Sens. 2019, 4619, 177-184.

Wu, WR,; Wang, Q.; Tang, YH.; Yu, G.B,; Liu, ].Z.; Zhang, W. Design of Chang’E-4 lunar farside soft-landing
mission. J. Deep Space Explor. 2017, 4, 111-117. (In Chinese)

Qiao, L.; Ling, Z; Fu, X.; Li, B. Geological characterization of the Chang’ e-4 landing area on the lunar farside.
Icarus 2019, 333, 37-51. [CrossRef]

Pieter, C.M.; Head, ].W.; Gaddis, L.; Jolliff, B.; Duke, M. Rock types of South Pole-Aitken basin and extent of
basaltic volcanism. J. Geophys. Res. 2001, 106, 28001-28022. [CrossRef]

Pieters, C.M.; Tompkins, S.; Head, ]. W.; Hess, P.C. Mineralogy of the Mafic Anomaly in the South Pole-Aitken
Basin: Implications for excavation of the lunar mantl. Geophys. Res. Lett. 1997, 24, 1903-1906. [CrossRef]
Li, C.; Liu, D; Liu, B,; Ren, X,; Liu, J.; He, Z.; Wei, Z.; Zeng, X.; Xu, R.; Tan, X,; et al. Chang’E-4 initial
spectroscopic identification of lunar far-side mantle-derived materials. Nature 2019, 569, 378-382. [CrossRef]
Melosh, H.J.; Kendall, J.; Horgan, B.; Johnson, B.C.; Bowling, T.; Lucey, P.G.; Taylor, G.J. South Pole—Aitken
basin ejecta reveal the Moon’ s upper mantle. Geology 2017, 45, 1063-1066. [CrossRef]

Vaughan, W.M.; Head, ].M. Impact melt differentiation in the South Pole-Aitken basin: Some observations
and speculations. Planet. Space Sci. 2014, 91, 101-106. [CrossRef]

Jansen, J.C.; Andrews-Hanna, J.C; Li, Y,; Lucey, P.G.; Taylor, G.J.; Goossens, S.; Lemoine, EG.; Mazarico, E,;
Head, ] W, III; Milbury, C.; et al. Small-scale density variations in the lunar crust revealed by GRAIL.
Icarus 2017, 291, 107-123. [CrossRef]

Han, S.C.; Schmerr, N.; Neumann, G.; Holmes, S. Global characteristics of porosity and density stratification
within the lunar crust from GRAIL gravity and Lunar Orbiter Laser Altimeter topography data. Geophys. Res.
Lett. 2014, 41, 882-1889. [CrossRef]


http://dx.doi.org/10.1029/2018JE005577
http://dx.doi.org/10.1016/j.icarus.2012.05.032
http://dx.doi.org/10.1002/2017JE005364
http://dx.doi.org/10.1029/97JE00717
http://dx.doi.org/10.1016/j.icarus.2017.07.023
http://dx.doi.org/10.1126/science.1231530
http://www.ncbi.nlm.nih.gov/pubmed/23223394
http://dx.doi.org/10.1016/j.icarus.2015.07.039
http://dx.doi.org/10.1126/sciadv.1500852
http://dx.doi.org/10.1016/j.icarus.2019.05.029
http://dx.doi.org/10.1029/2000JE001414
http://dx.doi.org/10.1029/97GL01718
http://dx.doi.org/10.1038/s41586-019-1189-0
http://dx.doi.org/10.1130/G39375.1
http://dx.doi.org/10.1016/j.pss.2013.11.010
http://dx.doi.org/10.1016/j.icarus.2017.03.017
http://dx.doi.org/10.1002/2014GL059378

Sensors 2019, 19, 4445 16 of 17

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

Huang, Q.; Wieczorek, M.A. Density and porosity of the lunar crust from gravity and topography. J. Geophys.
Res. 2012, 117. [CrossRef]

Besserer, J.; Nimmo, F.; Wieczorek, M. A.; Weber, R.C.; Kiefer, W.S.; McGovern, PJ.; Andrewa-Hanna, J.C.;
Smith, D.E.; Zuber, M.T. GRAIL gravity constraints on the vertical and lateral density structure of the lunar
crust. Geophys. Res. Lett. 2014, 47, 5771-5777. [CrossRef]

Nakamura, R.; Matsunaga, T.; Ogawa, Y.; Yamamoto, S.; Hiroi, T.; Saiki, K.; Hirata, A.; Tomoko, A.; Kohei, T.;
Hiroshi, T,; etal. Ultramafic impact melt sheet beneath the South Pole-Aitken basin on the Moon. Geophys. Res.
Lett. 2009, 36, 1.22202. [CrossRef]

Konopliv, A.S.; Asmar, S.W.; Carranza, E.; Sjogren, W.L.; Yuan, D.N. Recent gravity models as a result of the
Lunar Prospector mission. Icarus 2001, 150, 1-18. [CrossRef]

Zuber, M.T.; Smith, D.E.; Lehman, D.H.; Hoffman, T.L.; Asmar, S.W.; Watkins, M.M. Gravity Recovery and
Interior Laboratory (GRAIL): Mapping the Lunar Interior from Crust to Core. Space Sci. Rev. 2013, 178, 2-27.
[CrossRef]

Zuber, M.T.; Smith, D.E.; Watkins, M.M.; Asmar, S.W.; Konopliv, A.S.; Lemoine, FG.; Melosh, H.J.;
Neumann, G.A; Philips, RJ.; Solomon, S.C.; et al. Gravity Field of the Moon from the Gravity Recovery and
Interior Laboratory (GRAIL) Mission. Science 2013, 339, 668-671. [CrossRef] [PubMed]

Lemoine, EG.; Goossens, S.; Sabaka, T.J.; Nicholas, ]J.B.; Mazarico, E.; Rowlands, D.D.; Loomis, B.D.;
Chinn, D.S.; Neumann, G.A.; Smith, D.E.; et al. GRGM900C: A degree 900 lunar gravity model from GRAIL
primary and extended mission data. Geophys. Res. Lett. 2014, 41, 3382-3389. [CrossRef]

Konopliv, A.S.; Park, R.S,; Yuan, D.N.; Asmar, S.W.; Watkins, M.M.; Williams, ].G.; Fahnstock, E.; Kruizinga, G.;
Paik, M; Strekalov, D.; et al. High-resolution lunar gravity fields from the GRAIL Primary and Extended
Missions. Geophys. Res. Lett. 2014, 41, 452-1458. [CrossRef]

Wieczorek, M. A ; Phillips, R.J. Potential anomalies on a sphere’ Applications to the thickness of the lunar
crust. J. Geophys. Res. 1998, 103, 1715-1724. [CrossRef]

Wieczorek, M.A. SHTOOLS—Tools for working with spherical harmonics (v2.9.1). Zenodo 2014. [CrossRef]
Wieczorek, M.A.; Meschede, M. SHTools—Tools for working with spherical harmonics. Geochem. Geophys.
Geosyst. 2018, 19, 2574-2592. [CrossRef]

Jolliff, B.L.; Gillis, J.J.; Haskin, L.A.; Korotev, R.L.; Wieczorek, M.A. Major lunar crustal terranes:
Surface expressions and crust-mantle origins. J. Geophys. 2000, 105, 4197-4216. [CrossRef]

Ma, Q.; Du, X.-J,; Li, L.-L.; Meng, L.-S. Interpretation of magnetic anomalies by horizontal and vertical
derivatives of the analytic signal. Appl. Geophys. 2012, 9, 468-474. [CrossRef]

Miller, H.G.; Singh, V. Potential field tilt—A new concept for location of potential field sources. J. Appl.
Geophys. 1994, 32, 213-217. [CrossRef]

Kolawole, F,; Atekwana, E.A.; Lad-Davila, D.A.; Abdelsalam, M.G.; Chindandali, P.R.; Salima, J.;
Kalindekafe, L. Active Deformation of Malawi Rift’s North Basin Hinge Zone Modulated by Reactivation of
Preexisting Precambrian Shear Zone Fabric. Tectonics 2018, 37, 683-704. [CrossRef]

Cheek, L.C.; Hanna, K.L.D.; Pieters, M.; Head, ].W.; Whitten, J.L. The distribution and purity of anorthosite
across the Orientale basin: New perspectives from Moon Mineralogy Mapper data. J. Geophys. Res. Planets
2013, 118, 1805-1820. [CrossRef]

Grove, T.L.; Krawczynski, M.]. Lunar Mare Volcanism: Where Did the Magmas Come From? Elements 2009,
5,29-34. [CrossRef]

James, W. Lunar Volcanism in Space and Time. Rev. Geophys. 1976, 14, 265-300.

Neal, C.; Taylor, L. Petrogenesis of mare basalts: A record of lunar volcanism. Geochim. Cosmchimica Acta
1992, 56, 2177-2211. [CrossRef]

Wood, J.A. Petrology of the Lunar Soil and Geophysical Implications. J. Geophys. Res. 1970, 75, 6497-6513.
[CrossRef]

Zhang, Y.; Yan, J.; Li, F; Chen, C.; Mei, B.; Jin, S.; Dohm, ]. H. A new bound constraints method for 3-D
potential field data inversion using Lagrangian multipliers. Geophys. ]. Int. 2015, 201, 267-275. [CrossRef]
Zhang, Y.; Wu, Y,; Li, H.; Zhang, X.; Yan, J.; Wu, G.; Wang, J. 3D inversion of full gravity gradient tensor
data in spherical coordinate system using local north-oriented frame. In CGS/SEG International Geophysical
Conference; Society of Exploration Geophysicists: Tulsa, OK, USA, 2017; pp. 17-20.

Zhang, Y.; Wu, Y;; Yan, J.; Wang, H.; Rodriguez, J.A.P; Qiu, Y. 3D inversion of full gravity gradient tensor data
in spherical coordinate system using local north—oriented frame. Earth Planets Space 2018, 70. [CrossRef]


http://dx.doi.org/10.1029/2012JE004062
http://dx.doi.org/10.1002/2014GL060240
http://dx.doi.org/10.1029/2009GL040765
http://dx.doi.org/10.1006/icar.2000.6573
http://dx.doi.org/10.1007/s11214-012-9952-7
http://dx.doi.org/10.1126/science.1231507
http://www.ncbi.nlm.nih.gov/pubmed/23223395
http://dx.doi.org/10.1002/2014GL060027
http://dx.doi.org/10.1002/2013GL059066
http://dx.doi.org/10.1029/97JE03136
http://dx.doi.org/10.5281/zenodo.12158
http://dx.doi.org/10.1029/2018GC007529
http://dx.doi.org/10.1029/1999JE001103
http://dx.doi.org/10.1007/s11770-012-0350-4
http://dx.doi.org/10.1016/0926-9851(94)90022-1
http://dx.doi.org/10.1002/2017TC004628
http://dx.doi.org/10.1002/jgre.20126
http://dx.doi.org/10.2113/gselements.5.1.29
http://dx.doi.org/10.1016/0016-7037(92)90184-K
http://dx.doi.org/10.1029/JB075i032p06497
http://dx.doi.org/10.1093/gji/ggv016
http://dx.doi.org/10.1186/s40623-018-0825-5

Sensors 2019, 19, 4445 17 of 17

44.
45.
46.
47.
48.
49.
50.
51.
52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Liang, Q.; Chen, C.; Li, Y. 3-D inversion ofgravitydata in spherical coordinates with application to the GRAIL
data. J. Geophys. Res. Planets Res. 2014, 119, 1359-1373. [CrossRef]

Li, Y,; Oldenburg, D.Y. 3-D inversion of magnetic data. Geophysics 1996, 61, 394-408. [CrossRef]

Li, Y,; Oldenburg, D.Y. 3-D inversion of gravity data. Geophysics 1998, 63, 264-267. [CrossRef]

Tikhonov, A.N.; Arsenin, V.Y. Solutions of Ill.-Posed Problems; Winston and Sons: Washington, DC, USA, 1977.
Lawson, C.L.; Hanson, R.J. Solving Least Squares Problem; Prentice-Hall: New Jersey, NJ, USA, 1974.
Hansen, P.C. Analysis of discrete ill-posed problems by means of the L-curve. Soc. Ind. Appl. Math. Rev.
1992, 34, 561-580. [CrossRef]

Calvettia, D.; Morigib, S.; Reichelc, L.; Sgallarid, F. Tikhonov regularization and the L-curve for large discrete
ill-posed problems. J. Comput. Appl. Math. 2000, 123, 423-446. [CrossRef]

Hestenes, M.R. Multiplier and Gradient Methods. J. Optim. Theory Appl. 1969, 4, 303-320. [CrossRef]
Rockafellar, R.T. Convex Analysis; Princeton University Press: Princeton, NJ, USA, 1970.

Asgharzadeh, M.F;; Von Frese, R R.B.; Kim, H.R.; Leftwich, T.E.; Kim, ].W. Spherical prism gravity effects by
Gauss-Legendre quadrature integration. Geophys. J. Int. 2007, 169, 1-11. [CrossRef]

Smith, J.V.; Anderson, A.T.; Newton, R.C.; Olsen, E.J.; Wyllie, PJ.; Crewe, A.V,; Isaacson, M.S.; Johnson, D.
Petrologic history of the moon inferred from petrography, mineralogy, and petrogenesis of Apollo 11 rocks.
In Apollo 11 Lunar Science Conference; Pergammon Press: New York, NY, USA, 1970; pp. 897-925.

Wood, J.A.; Dickey, ].S.; Marvin, U.B.; Powell, B.N. Lunar anorthosites and a geophysical model of the moon.
In Apollo 11 Science Conference; Pergammon Press: New York, NY, USA, 1970; pp. 965-988.

Melosh, H.J.; Freed, A.M.; Johnson, B.C.; Blair, D.M.; Andrews-Hanna, J.C.; Neumann, G.A.; Philips, R.J.;
Smith, D.E.; Solomon, S.C.; Wieczorek, M.A_; et al. The origin of lunar mascon basins. Science 2013,
340, 1552-1555. [CrossRef]

Dombard, A.J.; Hauck, S.A.; Balcerski, J.A. On the origin of mascon basins on the Moon (and beyond).
Geophys. Res. Lett. 2013, 40, 28-32. [CrossRef]

Wieczorek, M.A; Phillips, R.]. Lunar Multiring Basins and the Cratering Process. Icarus 1999, 259, 246-259.
[CrossRef]

Deutsch, A.N.; Neumann, G.A.; Head, ].W.; Wilson, L. GRAIL-identified gravity anomalies in Oceanus
Procellarum: Insight into subsurface impact and magmatic structures on the Moon. Icarus 2019, 331, 192-208.
[CrossRef]

Edgar, L.A.; Frey, H.V. Buried impact basin distribution on Mars: Contributions from crustal thickness data.
Geophys. Res. Lett. 2008, 35, 1-5. [CrossRef]

Evans, AJ.; Soderblom, J.M.; Andrews-Hanna, J.C.; Solomon, S.C.; Zuber, M.T. Identification of buried
lunar impact craters from GRAIL data and implications for the nearside maria. Geophys. Res. Lett. 2016,
43,2445-2455. [CrossRef]

Freed, A.M.; Johnson, B.C.; Blair, D.M.; Melosh, H.J.; Neumann, G.A.; Phillips, R.J.; Solomon, S.C.;
Wieczorek, M.A.; Zuber, M.T. The formation of lunar mascon basins from impact to contemporary form.
J. Geophys. Res. E Planets 2014, 119, 2378-2397. [CrossRef]

Haruyama, J.; Ohtake, M.; Matsunaga, T.; Morota, T.; Honda, C.; Yokota, Y.; Abe, M.; Ogawa, Y.; Miyamoto, H.;
Iwasaki, A.; et al. Long-Lived Volcanism on the Lunar Farside Revealed by SELENE Terrain Camera.
Science 2009, 323, 905-908. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/2014JE004626
http://dx.doi.org/10.1190/1.1443968
http://dx.doi.org/10.1190/1.1444302
http://dx.doi.org/10.1137/1034115
http://dx.doi.org/10.1016/S0377-0427(00)00414-3
http://dx.doi.org/10.1007/BF00927673
http://dx.doi.org/10.1111/j.1365-246X.2007.03214.x
http://dx.doi.org/10.1126/science.1235768
http://dx.doi.org/10.1029/2012GL054310
http://dx.doi.org/10.1006/icar.1999.6102
http://dx.doi.org/10.1016/j.icarus.2019.05.027
http://dx.doi.org/10.1029/2007GL031466
http://dx.doi.org/10.1002/2015GL067394
http://dx.doi.org/10.1002/2014JE004657
http://dx.doi.org/10.1126/science.1163382
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	GRAIL Gravity Data 
	Gravity Derivative Calculation 
	Three Dimension (3D) Density Inversion 
	Inversion Algorithm 
	Implementation 


	Results 
	Discussion 
	3D Density Model and Evolution for the Von Kármán Basin 
	Implication of the Von Kármán Density Structure for the Chang’E-4 Mission 

	Conclusions 
	
	References

