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Comprehending the properties of the Moon’s crust and mantle materials is essential for decoding its interior.
Whether the South Pole-Aitken (SPA) basin potentially excavated the upper mantle materials remains mysterious.
The Chang’E Four Lunar Penetrating Radar (LPR) has provided an unprecedented opportunity to investigate the
SPA basin in the Von Kdrmén (VK) crater. Utilizing a data-driven generative deep learning inversion algorithm, the
subsurface physical properties along the Yutu-2 path were determined. 4 distinct deposit zones were discovered
beneath the surface. All zones feature an upper low-permittivity (paleo-)regolith layer overlaying on a lower
high-permittivity layer of rockier ejecta or basal basalt. Zone 1, an ejecta layer from the Finsen crater within the
SPA Compositional Anomaly, has a bulk density (2.81+0.22g/cm?) denser than that of highland crust represented
by materials originating from VKL and VKL’ craters in the Mg-Pyroxene Annulus, which are present in Zones 2

and 3. This suggests the possible presence of mantle materials in Zone 1, providing the first diagnostic evidence
that the SPA impact may have penetrated the upper lunar mantle.

1. Introduction

Following the formation of the primary lunar crust through the cool-
ing and solidification of the global lunar magma oceans (Warren, 1985;
Lin et al., 2017; Jolliff et al., 2000), the lunar surface has been contin-
uously reshaped by a variety of geological processes, especially impact
bombardment and volcanic activities (Horz et al., 1991; Carrier III et
al., 1991). These processes have led to the creation of a complex layer-
ing of materials on the lunar surface, including regolith, mega-regolith
and volcanic rocks, forming during different periods (Li et al., 2020;
Zhang et al., 2020). These materials harbor abundant information about
the Moon’s inherent and external evolution, with younger stratigraphic
units superimposed on older ones.

The South Pole-Aitken (SPA) basin, the largest and most ancient im-
pact basin on the Moon, formed during the pre-Nectarian age period
(~4.25 Ga) (Fernandes et al., 2013; Garrick-Bethell et al., 2020; Wu et
al., 2019). Its formation significantly modified the interior of the SPA
basin, and even altered the lunar history by creating the SPA Terrane
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(Jolliff et al., 2000; Zhang et al., 2022) and may excavate upper mantle
materials to lunar surface (Potter et al., 2012; Melosh et al., 2017; Mori-
arty Il et al., 2021). However, there is an ongoing debate regarding the
extent to which the formation of the SPA basin resulted in the exposure
of upper mantle material. The absence of widespread olivine in the SPA
basin has been used to suggest that the mantle has not been exposed
by this gigantic impact or obscured by later process (Yamamoto et al.,
2012). However, according to numerical impact modeling, even in the
most conservative cases, the SPA basin must have sampled the Moon’s
upper mantle to depths of 100km and inevitably ejected the mantle ma-
terial onto the farside highlands (Melosh et al., 2017). The discrepancy
between different methods urgently needs to be solved by other datasets
especially those from geophysical measurements which have the ability
to reveal the subsurface properties of the Moon down to the subsurface.

The Von Karmén (VK) crater, situated northwest of the SPA basin,
was formed during the pre-Nectarian period. It has an estimated age
of 427093 Ga (Lu et al., 2021) and was formed subsequent to the for-
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mation of the SPA basin. The floor of the VK crater is overlain by the
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Imbrian-aged basaltic lava flows (Huang et al., 2018) and impact ejecta
originating from adjacent impact craters. This has resulted the accu-
mulation of diverse materials (Huang et al., 2018) that chronicle the
geological history of the SPA basin. These impact ejecta within VK might
originate from adjacent Finsen, Von Karmén L (VKL), Von Karman L’
(VKL) and Antoniadi (Yuan et al., 2021; Huang et al., 2018; Pasckert et
al., 2018). However, determining the formation sequence of these im-
pact craters in and around the VK crater poses a challenging task due to
the complex impact and post-impact alteration process (Melosh et al.,
2017; Cassata et al., 2018; Garrick-Bethell et al., 2010).

A detailed comparison of the terrain surrounding the Finsen and VKL
impact craters, using the data from NASA’s Gravity Recovery and In-
terior Laboratory (GRAIL) mission and Lunar Orbiter Laser Altimeter
(LOLA), indicates that the Finsen crater formed first and subsequently
underwent morphological transformations (Moriarty III et al., 2021;
Neumann et al., 2015). In contrast, the VKL impact crater, which ex-
hibits relatively simple features and lacks significantly collapsed floors,
ridges, or fissures, possibly formed later (Neumann et al., 2015). Recent
Lunar Penetrating Radar (LPR) studies from the Change’E-4 (CE-4) land-
ing site also indicate that the layers of impact ejecta, overlain by the fine
regolith layer, are mostly derived from Finsen crater (Lai et al., 2020; Li
et al., 2020; Zhang et al., 2021). Additionally, according to Fortezzo et
al. (2020), the most probable sequence of impact crater formation, from
oldest to youngest, is Maksutov, VKL’, VKL, and Finsen, aligning with
the aforementioned morphological and LPR results. As such, we have
adopted this sequence of impact crater formation in our study.

On January 3", 2019, the CE-4 spacecraft carrying the Yutu-2 rover,
landed on the VK crater (Fig. 1A). As of July 1%, 2021, the Yutu-2 rover
has worked 34 lunar days and traveled ~ 731 meters on the floor of
the VK crater (Fig. 1B). The Lunar Penetration Radar onboard the Yutu-
2 rover is equipped with two high-frequency channels (CH2A, CH2B
500 MHz) and a low-frequency channel CH1 (60 MHz) (Table S1) to
investigate the subsurface structure along its path of travel (Li et al.,
2020). The two high-frequency channels have the ability to penetrate
a depth of up to 50 m (Li et al., 2020), which is deeper than that was
detected by Yutu-1 rover for Chang’E-3 (CE-3), due to the lower T'iO, +
FeO, content and reduced magnetic loss in the CE-4 landing site (Zhang
et al., 2020; Lai et al., 2020; Fa et al., 2015).

Ground Penetrating Radar (GPR) is extensively utilized to character-
ize shallow subsurface structures from the scale of meters to kilometers,
owing to its ability to image subsurface reflectivity (Gao et al., 2023;
Wang et al., 2022; Metwaly, 2015; Ciampoli et al., 2016; Al-Nuaimy
et al., 2000). As a non-destructive and non-invasive geophysical de-
tection tool (Panda et al., 2022; Comite et al., 2015; Rehman et al.,
2016), GPR is also employed in pollution monitoring (Rehman et al.,
2016; Peters et al., 1994) and soil moisture content research (Di Mat-
teo et al., 2012; Koyama et al., 2017). All these applications of GPR are
directly or indirectly linked to the electromagnetic properties of the ob-
ject under detection, such as permittivity, electrical conductivity, and
magnetic conductivity. Therefore, accurately inverting the electromag-
netic properties of the detected object from GPR signals is important for
the analysis and interpretation of the detected objects. Hyperbola-fitting
methods are the most commonly used technique for GPR data process-
ing. They are also widely applied to invert the underground dielectric
properties (Fa et al., 2015; Giannakis et al., 2021; Zhang et al., 2020; Li
et al., 2020), aiding in the investigation of the subsurface structure of
the VK crater (Lai et al., 2021; Li et al., 2020; Zhang et al., 2021; Dong
et al., 2021). However, the origin of these strata is still not well con-
strained, as these methods may fail to identify several horizons due to
the underestimation of dielectric permittivity, as demonstrated by the
advanced hyperbola-fitting method (Giannakis et al., 2021; Zhou et al.,
2022). The hyperbola-fitting algorithm primarily relies on the principle
that individual object buried in the subsurface produces distinct radar
reflection features. The pattern of these features is well approximated
by a hyperbola or more complicated pattern, depending on the size of
the buried object and the properties of the surrounding materials (Gi-
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Fig. 1. Chang’E-4 (CE-4) landing site and the traversing path of the Yutu-2
rover during the first 34 lunar days. (A) CE-4 landed on the eastern floor of the
Von Karman crater, marked by a red star (45.4446°S, 177.5991° E) (Liu et al.,
2019). The light green area represents the SPA compositional anomaly (SPACA)
areawhile the remaining area belongs to the Mg-Pyroxene Annulus area (Mori-
arty Iii and Pieters, 2018). The image is sourced from a ChangE’2 (CE-2) 20-m
resolution digital orthophoto map (Table S2). (B) Traversing the path of the
Yutu-2 rover in the first 34 lunar-days. Current cumulative length of the LPR
data collection is ~ 731 m. The waypoints (white dots) mark the LPR acquisi-
tion locations, and the solid red line indicates the rover’s traversing path. The
white dotted circle marks the buried crater (Lai et al., 2021). (C) 3D scheme
of the landing site. The background image is a high-resolution image from the
LROC narrow-angle camera.

annakis et al., 2021; Li et al., 2020). However, this method is limited
to a relatively simple subsurface setting. For example, previous studies
used a singular dielectric constant for regolith (¢ =3 (Fa et al., 2015)
and € = 4.3 (Lai et al., 2020)) to estimate the thickness of subsurface
strata. An average dielectric constant (¢ = 3) (Muhleman et al., 1969),
measured in Apollo samples, can also be used if a short stratigraphic
interface or homogeneous strata exist on the farside of the Moon. How-
ever, as the subsurface structure of the CE-4 landing site is complex and
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the bulk density and material composition vary with the depth and loca-
tion (Li et al., 2019; Zhang et al., 2020; Feng et al., 2023), it is evidently
inappropriate to use a constant dielectric permittivity to describe the di-
electric properties of the CE-4 landing site.

With advancements in signal processing studies in recent years, deep
learning has been growing rapidly and quickly changing the landscape
of various fields, such as natural language processing (Otter et al., 2020),
computer vision (LeCun et al., 2004; Goodfellow et al., 2014) and par-
tial differential equation solving (Raissi and Karniadakis, 2018). In this
study, we apply a data-driven generative deep learning algorithm to
overcome the limitations of hyperbola-fitting methods and to investigate
the dielectric permittivity of the lunar subsurface using high-frequency
LPR CH2A radar data. This data-driven machine learning algorithm,
known as Cycle Generative Adversarial Network (CycleGAN), reformu-
lates the inverse problem as a regression problem and is used to invert
the dielectric permittivity of the lunar subsurface structure based on
the LPR data transmitted by the Yutu-2 rover. The CycleGAN, derived
from adversarial learning, is a type of Generative Adversarial Network
(GAN) comprising two competing models (Goodfellow et al., 2014): two
pairs of generator and discriminator. The generator attempts to create
fake data samples as close to the training data distribution as possible,
while the discriminator attempts to distinguish these fake samples from
the true ones (Goodfellow et al., 2020). Upon convergence, the discrim-
inator reaches a state of maximum confusion, unable to differentiate
between fake and true samples. The adversarial learning capability of
GAN enables it to learn data distributions without requiring explicit as-
sumptions from users regarding error distributions (Goodfellow et al.,
2015).

Here in this study, a CycleGAN model is well-trained using simu-
lated synthetic radar datasets to quantitatively investigate the dielectric
permittivity profile based on the pre-processed radargram. First, we
prepared a suite of lunar subsurface geological models according to pre-
vious studies (Dong et al., 2020, 2021; Li et al., 2020; Zhang et al., 2020,
2021) and conducted those models using the public gprMax open source
code (Warren et al., 2016) to generate numerous synthetic radargram,
which not only solves the problem of the insufficient training dataset
but also introduces the physics-based principles into the learning pro-
cess. In generating the synthetic training dataset, various scenarios were
considered, such as systematically varying permittivity values. More-
over, the soil fractal algorithm increases the variability of permittivity
values in the horizontal direction. The final testing performance shows
that the well-trained CycleGAN model can invert the permittivity with
high accuracy, such that the subsurface geological model and the in-
verted permittivity profile only have minor errors. Then, we use the
well-trained CycleGAN model to invert the 2D electric permittivity pro-
file of the LPR CH2A dataset in the time domain along the traveling path
of the Yutu-2 rover. The permittivity profile is converted from time to
depth domain, in which the permittivity is not monotonously increased
from top to bottom; instead, it changes along the depth and is in the
range of 2 ~ 7 from top to bottom. Our results are consistent with a re-
cent study by Giannakis et al. (2021), who applied a more advanced
hyperbola-fitting algorithm to check the accuracy of the inferred per-
mittivity profile.

In this study, a CycleGAN model is well-trained using simulated
synthetic radar datasets to quantitatively investigate the dielectric per-
mittivity profile based on the pre-processed radargram. Initially, we
prepared a suite of lunar subsurface geological models according to pre-
vious studies (Dong et al., 2020, 2021; Li et al., 2020; Zhang et al.,
2020, 2021) and used the public gprMax open-source code (Warren et
al., 2016) to generate numerous synthetic radargrams. This approach
not only addresses the issue of insufficient training data but also inte-
grates physical principles into the learning process. In generating the
synthetic training dataset, various scenarios were considered, such as
systematically varying permittivity values. Moreover, the soil fractal al-
gorithm was employed to increase the variability of permittivity values
in the horizontal direction. The final testing performance demonstrates
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that the well-trained CycleGAN model can accurately invert the per-
mittivity, with minor errors between the subsurface geological model
and the inverted permittivity profile. Then, the well-trained CycleGAN
model is applied to invert the 2D electric permittivity profile of the LPR
CH2A dataset in the time domain along the Yutu-2 rover’s travel path.
The permittivity profile was converted from the time to depth domain,
revealing that permittivity does not increase monotonically from top to
bottom. Instead, it fluctuates along the depth and ranges between 2 and
7 from the top to the bottom. Our results align with a recent study by Gi-
annakis et al. (2021), who employed a more advanced hyperbola-fitting
algorithm to verify the accuracy of the inferred permittivity profile.

2. Methodology
2.1. Lunar penetrating radar (LPR) data processing

Reflexw is a popular and reliable geophysical near-surface process-
ing and interpretation package (Sandmeier, 2023), which was used to
process LPR data as follows.

(1) Effective data extraction. Since Yutu-2 rover still continues
radar data acquisition even during pauses for route planning or the
collection of other scientific data, numerous duplicate entries exist in
the radar profile. To eliminate the discontinuities of radar data, 20247
traces of CH2A data have been manually extracted through visual de-
termination, following the process workflow (Zhang et al., 2020).

(2) Direct current (DC) removal. To restore the signal to its true
amplitude, it is necessary to remove the low-frequency component with
a frequency close to DC. We processed the extracted data by employing
the subtract-mean (dewow) function in Reflexw, using a time window
of 10 ns.

(3) Static correction/First arrival removal/Time zero correction.
Given that the receiver is triggered prior to the source, it is necessary to
adjust for this time difference. The “move starttime” method in Reflexw
has been applied to remove 28.203 ns signals from the top of the CH2A
data, thus preventing a time delay (Zhang et al., 2020).

(4) Amplitude compensation. Due to energy absorption, the deep
signal is weaker than the shallow signal. Therefore, the deep signal re-
quires spherical spreading correction and amplitude compensation via
gain based on the wave propagation distance. For this purpose, the en-
ergy decay gain method in Reflexw was applied.

(5) Filter processing. In order to reduce interference at high and
low frequencies and enhance the signal-to-noise ratio of the data, we
employed the “bandpass” operation in Reflexw to filter the CH2A data.
The filtering parameters, which include a lower cut-off, lower plateau,
upper plateau, and upper cut-off, are set at 100 MHz, 250 MHz, 750
MHz, and 900 MHz, respectively.

(6) Background removal. Given the significant horizontal noise
present in the CH2A data, background removal operation is applied to
the CH2A data starting from 50 ns to prevent impacts on the shallow
horizontal strata.

(7) Resampling. Since the time cost of synthesizing the data is
too high, the sampling interval of the synthesized data has been set to
0.15625 ns to meet the requirement of the input data length of the neu-
ral network, and it is also necessary to resample the data of Channel-2A
to the same sampling frequency.

2.2. Inverse problem

Traditionally, the inverse problem (Qin et al., 2023) for ground pen-
etrating radar (GPR) can be formed as follows:

P(m) = d(w = 2 [|Ru(m) - 4|3 = 2 11Ad]l3 &)

where the @ is the objective function, u is the synthetic wave field at
the receiver position by the restriction operator R, m is the model pa-
rameters, and Ad = Ru(m) — d°” is the residual between the forward
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simulation data Ru(m) and the observed data d°%. Conventionally,
one achieves an optimal subsurface image by minimizing the differ-
ence between the observed and the synthetic waveforms. Therefore,
the ultimate purpose of solving the inversion problem is to seek the
most appropriate model parameters m, which can minimize the objec-
tive function ® as follows:

m* = argmin ®(m)
m

. @)
= argmin = || Ru(m) — d°*||3
min 3

However, the complexity of the subsurface, including geological
structures, subsurface material properties, and boundary conditions, in-
troduces significant uncertainties and non-uniqueness into the inversion
process. This makes it challenging to accurately reconstruct the subsur-
face properties (Qin et al., 2023). Furthermore, geophysical inversion
is a nonlinear problem that is difficult to solve using traditional linear
methods. Nonlinearities in the inversion process can lead to non-unique
solutions and make it challenging to determine the most likely subsur-
face model (Giannakis et al., 2021). The sparse and noisy nature of
geophysical data also impacts the quality and reliability of the inver-
sion results (Fa et al., 2015). By addressing the complexities arising from
the intricate subsurface structure, nonlinearity of the inversion prob-
lem, incomplete data, and parameter coupling, researchers can strive to
develop more robust and reliable inversion methods, which would be
capable of accurately imaging and characterizing the subsurface prop-
erties of the geobody.

2.3. gprMax3D synthetic dataset

In order to invert the dielectric permittivity using neural networks,
a large volume of labeled data is needed to train the neural network
model. However, as the dielectric permittivity profile corresponding to
the radar signals is unavailable in actual detection, training and vali-
dation data can only be obtained by running forward numerical simu-
lations. Furthermore, gprMax3D, an open-source software that models
electromagnetic wave propagation in the subsurface using the finite-
difference time-domain (FTDT) method (Warren et al., 2016), requires
extensive computational resources in terms of processing time. Con-
sequently, a CUDA-based graphics processing unit (GPU) acceleration
engine for gprMax3D (Warren et al., 2019) was developed to enhance
computational efficiency, achieving a speed more than 30 times faster
than multi-core central processing units (CPUs) using OpenMP paral-
lelization (Koyan and Tronicke, 2020). In this study, GPU-accelerated
gprMAX3D v.3.1.4 software has been applied to generate numerous 2D
LPR signals using our synthetic geological subsurface models (Warren et
al., 2019). To account for possible trends in the permittivity, the work-
flow for gprMax3D to generate synthetic datasets includes the following
steps.

(1) Lunar subsurface geological models: As mentioned before, the
travel route of the Yutu-2 rover is not a straight line (1B), and the trace
distances between adjacent LPR traces are not strictly equal due to tem-
porary pauses and repeated collection. Therefore, it is more reasonable
to invert the LPR data trace by trace instead of as a 2D profile. Based
on this analysis and to maintain a balance between the gprMax source
code computation efficiency and geological model variability, our space-
filling design involves two types of geometric models filled with 10 types
of geological property models (Fig. 2). The geometry of the 2D geolog-
ical model includes (1) a geometric model with dimensions of 12.5 m
%x21.0 m in the vertical (z) and horizontal (x) directions (Fig. 2a-h),
and (2) a geometric model with dimensions of 0.9 X 12.5 m in the verti-
cal (z) and horizontal (x) directions (Fig. 2i, j). Both geometry models
have the same cell size of 0.005 m (Ax = 0.005 m, Az = 0.005 m) in
the vertical (z) and horizontal (x) directions. Previous studies have in-
dicated that the dielectric permittivity of the lunar subsurface increases
from the regolith to the bottom layers (Li et al., 2020) or changes from
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the top to the bottom layers (Lai et al., 2021; Giannakis et al., 2021).
Therefore, we designed 10 types of geological property models to fill the
geometric models. As listed in Table S2, different geological models uti-
lize different geometric models. To emphasize the layering of the lunar
subsurface, we designed multiple layers in different geological models,
with the number of layers varying from 1 to 10. Each layer is either
homogeneous with a constant dielectric permittivity ranging from 2 to
10 (Table S1 Type 1), or heterogeneous with values generated via the
FractalVolume function (Giannakis et al., 2016). In the latter case, the
number of materials for each model randomly changes from 20 to 200,
and up to 500 in several types, and the dielectric permittivity for each
material randomly changes from 2 to 10 (Table S2 Types 2-8). Addition-
ally, to align with the interpretation results in Li et al. (2020); Zhang et
al. (2020) and increase the diversity of the training dataset, we also ran-
domly added rocks with diameters ranging from 0.001 m to 0.005 m. The
number of rocks increases from the left to right side (Fig. 2a and b). Fi-
nally, we uniformly sample 500 random numbers in the range of [2, 10]
and assign them to each of the 500 materials as dielectric constants in
the order of the values (Fig. 2i,j). All the model types and geometry
types are provided in Table S3.

(2) Data simulation. Then, gprMax v.3.1.4 (Warren et al., 2016)
was used to carry out extensive 2D GPR modeling using the generated lu-
nar subsurface geological models, with the simulation parameters listed
in Table S2. The computation time was dependent on the number of
cells in a model domain. The GPU version of gprMAX3D v.3.1.4 software
(Warren et al., 2019) has been applied to speed up the simulation pro-
cess. Additionally, several other Python package dependencies, includ-
ing pycuda (https://pypi.org/project/pycuda/) and mpi4py (https://
pypi.org/project/mpi4py/0.4.0/), were also installed. Each geological
model was loaded onto a single NVIDIA GPU (V100, 32G) to perform
the numerical simulation. One complete simulation task, comprising a
total of 4200 traces of the type 1 geological model (Table S1), required
approximately 4.5 hours. This demonstrates that the forward numeri-
cal simulation of radar wave propagation is both time-consuming and
the most challenging aspect of using traditional methods for inversion,
such as Full Waveform Inversion (FWI). As the Yutu-2 rover continu-
ously moves and sends the LPR dataset to Earth, using FWI to invert the
LPR data becomes increasingly difficult. Fig. 3a shows one lunar sub-
surface geological model, and Figs. 3b-g show the wave propagation at
different time points.

(3) Data processing. The synthesized data need to undergo process-
ing similar to that used for LPR data, including DC removal, time-zero
correction, amplitude compensation, and filter processing. Fig. 3 h-k il-
lustrate the processed results of the simulated trace at various processing
stages, while Fig. 3 I presents the final processed synthetic radargram,
which serves as the ultimate training dataset in CycleGAN.

(4) Dataset delineation and normalization. After the synthetic
radar data are processed, they are randomly split into 80%, 10%, and
10% for the training, validation, and testing datasets, respectively. Ad-
ditionally, each trace is selected with a length of 1024, with a random
length to maintain variability.

2.4. Cycle-generative adversarial neural network (CycleGAN)

The CycleGAN consists of two pairs of generators and discrimina-
tors. In our case, the first pair of the generator (Gx_y) and discriminator
(D,_,) is responsible for inferring the permittivity, using the radar sig-
nal as input and permittivity as output. The second pair of generators
(G,_,) and discriminators (D,_,) tasked with reconstructing the radar
signals from the inverted permittivity. The CycleGAN network structure
facilitates the inversion of lunar subsurface properties from the high-
frequency radar signal domain using a limited dataset (Fig. 4).

(1) The workflow and architecture of CycleGAN. CycleGAN used
in this study is a variant of the original GAN, which integrates the
forward and backward process in one framework and is suitable for
cross-domain learning (Zhu et al., 2017). Specifically, CycleGAN con-
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Fig. 2. Synthetic lunar subsurface geological model types. Ten types of subsurface lunar geological models. (a) type 1: Size 21 m X 12.5 m number of layers from
1 to 10, uniform layers, 13 materials, large number of stones, dielectric constant in the range of [2, 10], completely random in the longitudinal direction, (b) type
2: Size 21 m X 12.5 m, number of layers from 1 to 10, intra-layer fractal, number of materials from 20 to 200, small number of rocks, median dielectric constant
(g,,) of each layer chosen randomly from 2 to 10, dielectric constant range [¢,, — 2, €,, + 2], completely random in the longitudinal direction, (c) type 3: Size 21 m
X 12.5 m, number of layers from 1 to 10, fractal within layers, number of materials from 20 to 200, no stones, median dielectric constant (¢,,) of each layer chosen
randomly from 2 to 10, dielectric constant range [e,, — 2, €,, + 2], completely random in the longitudinal direction, (d) type 4: Size 21 m X 12.5 m, number of layers
from 1 to 10, intra-layer fractal, 500 materials, few stones, median dielectric constant (¢,,) of each layer chosen randomly from 2 to 10, dielectric constant range
[e,, —0.5,¢,,+ 0.5], completely random in the longitudinal direction, (e) type 5: Size 21 m X 12.5 m, number of layers from 1 to 5, intra-layer fractal, 500 materials,
few stones, median dielectric constant (¢,,) of each layer chosen randomly from 2 to 10, dielectric constant range [¢,, — 0.5,¢,, + 0.5], completely random in the
longitudinal direction, (f) type 6: Size 21 m X 12.5 m, number of layers from 1 to 10, intra-layer fractal, 500 materials, no stones, median dielectric constant (¢,,) of
each layer chosen randomly from 2 to 10, dielectric constant range [¢,, — 0.5, ¢, + 0.5], completely random in the longitudinal direction, (g) type 7: Size 21 m X 12.5
m, integral fractal, material type from 400 to 500, no stone, median dielectric constant (g,,) chosen randomly from 2 to 10, dielectric constant taken in the range
of [¢,, —0.5,¢,, + 0.5], increasing in the longitudinal direction, (h) type 8: Size 21 m X 12.5 m, integral fractal, material type from 400 to 500, no stone, dielectric
constant takes values in the range [2, 10], increasing in the longitudinal direction, (i) type 9: Size 0.9 m X 12.5 m, overall fractal, material type from 400 to 500, no
stone, dielectric constant taking values in the range [2, 10], completely random in the longitudinal plane, (j) type 10: Size 0.9 m X 12.5 m, integral fractal, material
type from 400 to 500, no stone, dielectric constant takes values in the range [2, 10], increasing in the longitudinal direction.

sists of two pairs of GANs: (Gy_y, Dy) and (Gy_ yx, Dy) (Fig. 4a). The +L.)e(Cxoy, Oy x)
generator Gy _,y is responsible for transforming Domain X (radar signal)
to Domain Y (dielectric permittivity), and the other generator Gy _, y is
responsible for transforming Domain Y (dielectric permittivity) back to r «© Dy, X,Y)=E [og Dy (

-y Dy, X, Y)=E _ 2l
Domain X (radar signal). Dy determines the probability of a sample GANTZIX=Y> Y Y Para®) &5y
(») coming from Gy _ y or from the original dataset DataY (Zhong et +[Ex~pj‘, log(l = Dy (Gx_y ()],
al., 2020). Similarly, Dy provides the probability of a sample (x) com-

L ,Dy,Y,X)=E logD

ing from Gy_, y or from the original dataset DataX (Fig. 4b). The loss Gan(r-x. Dy ) pranta(x)[ 0z Dy ()]

where

function of CycleGAN includes three terms: the adversarial loss for each +[Epry ) [log(1 = Dx(Gy_xO)],
generator/discriminator pair (Goodfellow et al., 2015) and a cycle con- r _F data
sistency loss (Zhu et al., 2017), eye(Gx -y Gy x) = x~pj‘ﬂ,a(x)[||QY—>X(QX—>Y(X)) =[]

+[E}’~P§am(y)[”gX—>Y(gY—>X(Y)) -y,
LGCx_y,Gy_x-Dx,Dy)=Lgan(Cx_y,Dy,X,Y)

where E is the expectation operator. The parameters of CycleGAN (9)
+LGanGy_x,Dyx,Y,X) can be obtained by solving the following minimax problem:
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Fig. 3. Numerical simulation result of synthetic lunar subsurface geological model. (a) the lunar subsurface geological model has a horizontal distance of
21 m and vertical depth of 12.5 m, respectively, with a cell size of 0.005m in the x and z directions. The white triangle marks one location of LPR. The distance
between the transmitter and surface is set as 30cm in these models, consistent with the LPR equipment on Yutu-2 Rover (Li et al., 2020), (b)-(g) the wave propagation
snapshots at the time points of 5.0ns, 25.0ns, 55.0ns, 80.0ns, 105.0ns and 200.0ns using open source code gprMax (Warren et al., 2016), respectively. It can be seen
that the shape of the electric-magnetism wave is different at different time points. It should be noted that the time window in this mode is 200xns to accelerate the
simulation time while retaining the most significant radar information, as the radar signals are weak and require extended numerical calculations. In contrast, the
time window of LPR CH2A is 640ns. (h) the simulated radar game of the synthetic lunar subsurface geological model before the data process, (i) the radargram after
Direct-current (DC) removal, (j) the radargram after Static correction/first arrival removal/Time zero correction, (k) the radargram after Amplitude compensation,
(D) the radargram after Filter processing.

A = A N AND A(D- . . i 1
9Gx=r),§9r=x0, 5P, v, errors indicates that these are generally within the range of [0.0,0.25].

=arg min max  L(Cy_y.Cy_x.Dyx.Dy), 3 Further analysis was conducted by extracting two traces from the inver-
09x-1),9Cr-x) gPx) gPy) sion result, as depicted in Figs. 5g-j. For Trace #290, the R% and rmse

(2) Training and Testing CycleGAN. In this training process, a to- values between the true permittivity and CycleGAN-predicted permittiv-

tal of 1.86 x 10° traces are generated using the gprMax software and ity are 0.95 and 0.06, respectively. For Trace #82, the R and rmse values
are employed to train the CycleGAN model. The Adam optimizer is ap- between the true permittivity and CycleGAN-predicted permittivity are
plied to enhance convergence. Two metrics are used to quantify the 0.93 and 0.07, respectively. In comparison, the R? and rmse of between
performance of CycleGAN. The root square mean error (RMSE) is the the true permittivity and CNN-predicted permittivity are 0.85 and 0.10
most commonly used performance metric and is defined as RMSE = for Trace #290, and are 0.86 and 0.11 for Trace #82, respectively. Based
T v . on these analysis results, we believe that the trained CycleGAN is able to
VN Y.L, X =%7[13. The coefficient of determination (R?) is another invert the permittivity from the ground-penetrating radar signals with
metric used to measure the closeness between two variables, which is high accuracy. Consequently, the subsurface geological model (Fig. 5 b)
. ) TN o) . ; and the inverted permittivity profile (Fig. 5¢) exhibit only minor discrep-
defined by R* =1~ m’ where N is the number of samples, x ancies (Fig. 5e and 5f). Therefore, we applied it to the Lunar Penetrating

and X are the true and CycleGAN-predicted results, and X is the average Radar dataset collected by Yutu-2 rover.
value of the true image.
3.2. Dielectric permittivity inversion from LPR CH2A

3. Results
We processed the LPR CH2A high-frequency LPR data and the radar
3.1. Validation on synthetic data reflection profile using the same radar data processing workflow as
proposed by (Lai et al., 2021; Zhang et al., 2020), which includes pre-
An example of using well-trained CycleGAN to invert the permittiv- processing, background removal, gain, and bandpass filtering. The re-
ity on synthetic data is shown in Fig. 5. Fig. 5a displays the synthetic sulting radar profile in the time domain (Fig. 6A), corresponding to the
radar signal after general data processing and normalization, Fig. 5b Yutu-2 rover’s travel path, shows time-varying reflection characteristics
presents the corresponding normalized geological permittivity model, from top to bottom, with several subsurface reflection features similar to

Fig. 5c shows the permittivity obtained from inversion using CycleGAN, those proposed and illustrated in previous studies (Li et al., 2020; Zhang
while Fig. 5d displays the result after applying Gaussian filtering to et al., 2021; Yuan et al., 2021; Zhang et al., 2020; Lai et al., 2020). The
Fig. 5c. Fig. 5e illustrates the error between the inverted permittivity permittivity profile is then transformed from the time to depth domain
(Fig. 5¢) and the true permittivity (Fig. 5b). Statistical analysis of the (Fig. 6B). Interestingly, the permittivity does not display a monotonic
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Fig. 4. The workflow and architecture of CycleGAN. (A) The general work-
flow of CycleGAN. The CycleGAN has two flows: the forward flow and the
backward flow. The forward flow, represented by solid green lines, mimics the
property inversion process. The backward flow, marked by solid red lines, mim-
ics the numerical simulation process using gprMax open-source code (Warren et
al., 2016). In the forward flow, radar signals (DataX) are input into the gener-
ative model (Gy_,y) to obtain the output permittivity (FakeY'). To ensure that
the predicted permittivity (FakeY') can be inverted back to the radar signal do-
main (CycX), FakeY is input into the generative model (Gy_,y) to obtain the
recycled output permittivity (CycX). The primary purpose of the forward flow
is to ensure that DataX (radar signal domain) can be transformed into FakeY
(permittivity domain) and then reverted to DataX (radar signal domain). The
discriminator (Dy) determines whether the predicted permittivity (FakeY) is
the same or close to the real permittivity (DataY). In the backward flow, the
permittivity (DataY) is input into the generative model (Gy_, ) to obtain out-
put radar signals (FakeX). The generative model (Gy_, y) then transformed the
radar signals (FakeX) into permittivity (CycY). The discriminator model (D)
determines the probability of the generated FakeX belonging to the real permit-
tivity distribution. (B) The CycleGAN framework comprises a pair of identical
generators and a pair of identical discriminators, which collectively contribute
to the effective functioning of the architecture. Additionally, to demonstrate the
advances of CycleGAN in the field of geophysical inversion, a Convolutional
Neural Network (CNN) is also employed, which shares the same architecture as
the generator of CycleGAN.

increase from top to bottom. In contrast, it varies with depth and ranges
between 3.5 ~ 6.5. To validate the accuracy of the inferred permittivity
profile depicted in Fig. 6A, a forward numerical simulation using convo-
lution calculations (Lai et al., 2021) has been conducted. The simulation
results confirm that the inferred permittivity is physically plausible (Fig.
S1 and S2).

3.3. Wave velocity and density

Wave velocity is the critical bridge between depth and time. After
the dielectric permittivity profile of the lunar subsurface is inverted

Earth and Planetary Science Letters 643 (2024) 118923

(Fig. 6B), the wave velocity model can be derived using the following
equation, which is based on the permittivity profile in homogeneous
media:

v=— 4

where ¢ = 299,792,458 m/s is the speed of light in vacuum, and e, is
the relative dielectric permittivity, which is inverted by the CycleGAN
in this study. The estimated wave velocity for the upper lunar regolith is
approximately to 0.15 m/ns, which aligns with prior findings that em-
ployed the hyperbola-fitting algorithm (0.16 m/ns) (Li et al., 2020; Lai
et al., 2021). Nonetheless, it is important to note that the wave veloc-
ity exhibits variations from the top to the bottom. Several high-velocity
zones might be interpreted as components of the weathered regolith
layer (Fig. 6C), which will be further examined in the Discussion section.
As Fig. 6B displayed, these high-velocity zones are not constant horizon-
tally, contrary to the proposition made in Li et al. (2020). Therefore, a
more reasonable explanation is necessary to describe these phenomena.
The variations in wave velocity and the presence of high-velocity zones
within the lunar regolith suggest complex subsurface structures and
compositions that differ from previous assumptions. These variations
could be attributed to factors such as differences in material compo-
sition, grain size, porosity, and the presence of buried rocks or voids.
A thorough investigation into the geological and physical properties of
these high-velocity zones is essential to understand their formation and
distribution. Future studies should focus on integrating additional data
sources, such as seismic surveys and in-situ measurements, to provide
a comprehensive understanding of the subsurface characteristics. This
will enhance the accuracy of the permittivity and wave velocity mod-
els and offer deeper insights into the geological processes shaping the
lunar regolith.

Previous laboratory measurements indicate that the wave velocity
depends on the material bulk density (Li et al., 2020; Zhang et al., 2020),
the bulk density of the lunar subsurface can be estimated by the follow-
ing formula proposed by Olhoeft and Strangway (1975):

 log(e,)
P = Tog(192) ®

and the equation proposed by Hickson et al. (2018):

(& -1

0.307 ©
to calculate the density at different depths (Fig. 8). The bulk density, as
illustrated in Fig. 8, was calculated utilizing the wave velocity and di-
electric permittivity profile (Fig. 6B). The bulk density profile exhibits a
pattern similar to the dielectric permittivity profile. Based on the calcu-
lation, the bulk densities of top layer are 2.63 +0.29 g/cm’ (by Eq. (5)),
and 2.58 +0.35 g/ cm’ (by Eq. (6)). As depicted in Fig. 8, the calculated
density, based Olhoeft’s model and Hickson’s model (Fig. 8), shows var-
ious changes along the Yutu-2 rover traveling path and also exhibits
variation from top to bottom within the range of 1.45 g/cm’ to 3.2
g/em? vertically, resulting in values that diverge from the previously
calculated values of 1.67+0.07 g/cm? and 1.90+0.08 g /cm?, as reported
by Li et al. (2020). Moreover, the density profile calculated based on
Olhoeft’s model (Fig. 8A) is systematically greater than that calculated
based on Hicksons’s model (Fig. 8B). The densities near the lunar sub-
surface are close to 2.35 g/cm?® and 2.19 g/cm?, respectively. However,
previous research indicated that the bulk density gradually increases
with the depth (Dong et al., 2020) or significantly changes at a depth
of < 1 m (Lai et al., 2020), or it remains constant at approximately
1.76g /em® (Carrier I1I et al., 1991).

p=
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Fig. 5. Synthetic lunar subsurface geological model and corresponding radargram. (a)the normalized radargram, which serves as the input of CycleGAN, (b)
the normlizaed permittivity profile, representing the true geological model used to generate the radaragram in (a) by running the gprMax open source code, (c) the
inverted permittivity profile after applying the well-trained CycleGAN model, (d) smoothed permittivity profile of (c) using gaussian filters with sigma of (5, 10), (e)
the residual map between the predicted permittivity profile (c) and the true permittivity profile (b), (f) the error histogram of (e), (g) normalized radar signal at
trace #290, (h) normalized permittivity at trace #290, the blue solid line (Sim.) represents the synthetic geological model, the red solid line (CycleGAN) represents
the predicted permittivity via CycleGAN and the green solid line (CNN) represents the predicted permittivity via CNN, (i) normalized radar signal at trace #82, (j)
normalized permittivity at trace #82, the blue solid line (Sim.) represents the synthetic geological model, the red solid line (CycleGAN) represents the predicted

permittivity via CycleGAN and the green solid line (CNN) represents the predicted permittivity via CNN.

3.4. Loss tangent and FeO + T'iO, abundances

The loss tangent is a function of the bulk density (p) and the (T'iO,
+ FeO) abundance (Li et al., 2020; Lai et al., 2020), which is defined
as follows:

tanc = 10(0‘038(%F90+%Ti02)+0.3 12p-3.26))

)

As indicated by (Li et al., 2020), the calculated average loss tangent
is (5 +2) x 1073, Using the specific value of the loss tangent and bulk
density (Fig. 9), the oxide content along the traversing path could be
calculated based on the Eq. (7). Fig. 9 presents the FeO + TiO, abun-
dance along the traversing path. According to the calculation results,
the FeO + TiO, abundance is found to range from 1% to 8.5% using
Olhoeft’s density model (Fig. 8A), and it ranges from 1% to 12% using
Hickson’s density model (Figs. 8B). It is evident that the oxide contents
in the lunar subsurface regolith reach 8.5% and 12%, which are consis-
tent with previous research results (Li et al., 2020). This also demon-

strates strong concordance with the orbital data values of 11% ~ 16%
for the VK crater (Ohtake et al., 2008), as determined by the Kaguya
Multiband Imager data (Hickson et al., 2018).

4. Discussion
4.1. Reconstruction of the stratigraphic sequence

In this study, we initially examined the neighboring impact craters
as depicted in Fig. 1A, focusing on their contribution to the ejecta at the
Yutu-2 site and the relative formation times of these craters, as discussed
by Xu et al. (2021) and Lu et al. (2021). According to Xu et al. (2021),
a minimum of six impact craters with diameters exceeding 100km con-
tributed at least 10 cm of ejecta to the CE-4 landing site. Furthermore,
approximately ten smaller post-mare craters, including Finsen, Von Kar-
man L (VKL), Von Karméan L’ (VKL”), and Antoniadi, with diameters less
than 100 km, collectively contributed an estimated total ejecta thick-
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Fig. 6. LPR results and subsurface tomographic reconstruction of the Yutu-2 traversing path. (A) The radargram of CH2A is represented in a standard seismic
color scheme and pre-processed based on the radar signal method proposed by Li et al. (2020). The x-axis represents the rover’s distance (starting from the right),
and the y-axis represents the two-way travel time. From right to left, five triangles with different colors mark the endpoints of different previous studies (Li et al.,
2020; Zhang et al., 2021; Yuan et al., 2021; Zhang et al., 2020; Lai et al., 2021). It is notable that the radargram profile is a 2D profile, while the actual trajectory of
the Yutu-2 rover traverse is twisted. (B) The permittivity profile inverted by CycleGAN along the rover traveling path in the depth domain. The red color indicates
high dielectric permittivity, while cold colors indicate low dielectric permittivity. The interpreted interfaces are marked with white dashed lines, primarily based on
the inverted permittivity values. (C) The proposed stratigraphic sequence highlights the difference between various zones and displays the relevant thickness based

on the radargram (A) and the inverted permittivity profile (B).

ness of approximately ~ 17.1 meters to the CE-4 landing site. In this
research, the most promising interpretation is that the ejecta from the
Finsen (3.11'8:2 Ga), Von Karman L (VKL), and Von Karmén L’ (VKL’)
craters might be present on the floor of the Von K&rmén crater (4.2+0.03
Ga), overlaying the Imbrian-aged mare basalts. This is consistent with
the proposed sequence by Fortezzo et al. (2020), as well as the thickness
estimation of impact ejecta as discussed later. Furthermore, previous
studies suggest the presence of ejecta from the Oriental Basin at the CE-
4 site (Xiao et al., 2021). Various models have been utilized to estimate
the age of the Oriental Basin, yielding distinct ranges such as approxi-
mately ~ 3.68Ga (Whitten et al., 2011), ~ 3.72Ga (Stoffler et al., 2006),
~ 3.8Ga (Wilhelms and Byrne, 2009), and 3.92Ga (Werner et al., 2022).
Despite the differences in these estimated ages, they all indicate that the
ejecta from the Oriental Basin at the CE-4 site overlays the Imbrian-aged
basalts.

As illustrated in Fig. 6A and B, the reconstructed stratigraphic se-
quence of the lunar subsurface does not demonstrate significant changes
based on the radar reflection pattern and the inverted dielectric permit-
tivity. Instead, smooth reflections between the layers exhibit vertical and
horizontal variations. Based on the inverted permittivity profile (Fig. 6),
four potential distinct zones were identified along the Yutu-2 site. Each
of these zones is characterized by an upper low-permittivity layer and a
lower high-permittivity layer (Fig. 6B).

The thickness of Zone 1 varies from east to west (from left to right),
with an average thickness of approximately 18.8 meters. The thickness
of the upper low-permittivity layer changes along the Yutu-2 traveling
path, ranging from 1.5 ~ 6.7 meters, with an average thickness of 3.3
meters and an average dielectric permittivity of 3.94 for the upper low-
permittivity regolith layer (Fig. 6C). Previous research (Huang et al.,
2018; Yuan et al., 2021) suggests that CE-4 landed on the ejecta blanket
of the Finsen crater due to its clear ejecta blanket extending from the
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northeast to the CE-4 site (Fig. 1A). It is proposed that the materials of
subdivided Zone 1 are ejecta originating from the Finsen crater, with a
thickness of 15.5 meters. Impact gardening increases porosity, resulting
in a decrease in overall porosity, bulk density, and dielectric permittiv-
ity of multi-phase media (Dobson et al., 1985; Peplinski et al., 1995),
and vitrification transforms lunar materials into glass fragments (Horz et

10

al., 1991; Nash and Conel, 1973). Therefore, the lunar regolith formed
by weathering the ejecta is a low-permittivity medium, as demonstrated
through laboratory (Carrier III et al., 1991), remote sensing (Gong et al.,
2014; Bhattacharya et al., 2015), and in situ measurements (Dong et
al., 2021). The permittivity of deeper layer ejecta is primarily estimated
based on LPR measurements via a typical hyperbola-fitting algorithm
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Fig. 9. TiO + FeO, abundance. (A) The oxide content calculated based on the equation proposed by Olhoeft and Strangway (1975); Li et al. (2020), and (B) the
TiO + FeO, content calculated based on the equation proposed by (Hickson et al., 2018; Li et al., 2020).

(Dong et al., 2020; Zhang et al., 2022) or via the Complex Refractive
Index Model (CRIM) (Birchak et al., 1974), with a bulk relative per-
mittivity value as high as ¢ =9 (Giannakis et al., 2021). Therefore,
the high-permittivity bottom layer might represent the more primitive
ejecta, while the low-permittivity upper layer might represent the lunar
soil formed by weathering the ejecta (Fig. 6). The estimated regolith
thickness based on the crater morphology method at the Yutu-2 site
is between 2.5 ~ 7.5 meters (Huang et al., 2018), which agrees with
the calculated upper low-permittivity layer thickness in this research
(1.5 ~ 6.7 meters).

Zone 2, which extends from 19 meters to 38.5 meters from west to
east, consists of a top low-permittivity layer with an average thickness of
9.4 meters and a bottom high-permittivity layer with an average thick-
ness of 10.1 meters. As shown in Fig. 6B, the radar reflections in this
zone are discontinuous, and the thickness decreases from east to west,
which differs from Zone 1. The average thickness of this zone is approx-
imately 19.5 meters. The permittivity estimated via CycleGAN in this
research is 6.5, which is similar to the value of 6.8 estimated by Lai et al.
(2021). Therefore, it is proposed that Zone 2 might contain ejecta from
the VKL crater. Due to the gap between the formation of the Finsen and
VKL craters, a low-permittivity paleo-regolith layer, might be formed by
weathering, overlay on the high-permittivity paleo-regolith of the VKL
crater. Additionally, a high-permittivity zone was discovered in the mid-
dle of the travel path, with inner low-permittivity materials, marked as
“Q” in Fig. 6C. This location likely represents a buried crater with a di-
ameter of 270 + 10 meters and a radial gradient of 29°, as suggested by
Lai et al. (2021). As indicated by Gornostaeva et al. (2019), the presence
of a large number of glass fragments in the impact crater can lead to an
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increase in dielectric permittivity. This conclusion was reached through
a detailed comparison of the composition and microstructure of terres-
trial and lunar impact glass samples from the Zhamanshin crater and
the Luna 16, 20, and 24 missions (Gornostaeva et al., 2019). These find-
ings suggest that the abnormally high-permittivity geobody, marked as
“Q” in Fig. 6C has high chance to be an impact crater. Furthermore, the
newly discovered annulus feature and 2D scan radar characteristics also
support that this location likely represents a buried crater with a diam-
eter of 270 + 10 meters and a radial gradient of 29° (Lai et al., 2021).

Zone 3, within the depth range of 39 ~ 59 meters, exhibits the
same pattern as Zone 1 and Zone 2, characterized by an upper low-
permittivity layer with an average thickness of 8.5 meters and a bot-
tom high-permittivity layer with an average thickness of 12.2 meters.
It is suggested to interpret the Zone 3 as ejecta from the VKL’ crater,
formed before the VKL crater. The high-permittivity layer represents
the primitive ejecta from VKL’, while the upper low-permittivity layer
is a paleo-regolith layer formed on the ejecta layer. This paleo-regolith
layer developed potentially due to exposure to the harsh environment
of space before the deposition of the VKL ejecta.

Zone 4, located below 60 meters, lacks a clear inner structure. An
upper low-permittivity layer and a bottom high-permittivity layer de-
velop in the eastern part of the rover’s traveling path (indicated by the
black arrow in Fig. 6C), similar to the patterns observed in Zones 1 to
3. However, for most parts of Zone 4, distinguishing the boundary be-
tween the high- and low-permittivity layers is challenging due to the
fuzzy reflection characteristics. In particular, below 60 meters, the radar
reflections are weak and diffuse. It is suggested to interpret the basal
layer of this region as Imbrian-aged mare basalts (Fig. 6C). The upper
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low-permittivity layer is another paleo-regolith layer that developed on
the lower high-permittivity basal mare basaltic layer, which formed ap-
proximately 3.2-3.3 Ga (Lu et al., 2021).

In summary, by combining information from the radargram (Fig. 6A),
the inverted permittivity profile (Fig. 6B), calculated wave velocity
(Fig. 7), estimated bulk density (Fig. 8), and estimated TiO, + FeO
abundance (Fig. 9), it is proposed that the CE-4 site in the VK crater
has been modified by at least three major impact events following the
deposition of Imbrian-aged mare basalts, resulting in at least four strati-
graphic units (Fig. 6C). The upper low-permittivity layers of all four
zones might be regolith (or paleo-regolith) produced by space weath-
ering on the lower, more consolidated and rockier high-permittivity
ejecta or basalt. These depositions are not continuous, exposing each
lower layer to space for millions of years, allowing for regolith forma-
tion. Through a similar mechanism, the VKL’ ejecta overlaps the regolith
and primitive basalts in Zone 4; the VKL ejecta overlaps the regolith and
primitive VKL’ ejecta in Zone 3; and the Finsen ejecta overlaps the re-
golith and primitive VKL ejecta in Zone 2, following the formation of a
localized 270 + 10 meter crater that is now buried. Subsequently, no ma-
jor impact events occurred around the VK crater, and the top regolith
layer formed on the ejecta of the Finsen crater in Zone 1, which is cur-
rently being investigated by CE-4. Altogether, these four zones were
stacked together to form layered deposits from the Imbrian period to
the present, through similar mechanisms.

4.2. Comparison with previous studies

Based on the inverted permittivity profile (Fig. 6B) and calculated
wave velocity (Fig. 8), the time-to-depth conversion in this study dif-
fers from previous studies, which use a constant wave velocity of 0.16
m/ns (Li et al., 2020). Therefore, most interpreted boundaries remain
the same between in this research and previous works in the time do-
main, they differ significantly in the depth domain if the estimated wave
velocity in this study is closer to the real case. Previous studies (Li et al.,
2020; Zhang et al., 2020, 2021; Yuan et al., 2021) identified the top 12
meters to be lunar regolith due to its homogeneous and continuous re-
flection features. However, based on our inverted permittivity profile,
the thickness of the regolith is estimated to be approximately 3.3 meters
(the upper layer of Zone 1), which is more consistent with the results
estimated via crater morphology method (Huang et al., 2018).

Fig. 10 displays the comparison between our research and Li’s study
Li et al. (2020). After comprehensively comparison, four zones were
proposed in shallow subsurface (Fig. 10C and D), which is very simi-
lar to the three units interpreted by Li et al. (2020) (Fig. 10D). Unit 1
and Zone 1 share the same bottom boundary, while Unit 2 and Zone 2
have the same interpreted boundary, as marked by numbers @ and @
in Fig. 10D. The bottom of Unit 3 is higher than that of Zone 3 due to a
change in permittivity value at this boundary. There are also several dif-
ferences between the two studies. The numbers ®, ®, and ® mark the
values change at these points, which provide detailed interpretations
for these points compared with previous research. Additionally, Li et al.
(2020) suggested that there was a lens with fine-grained materials and
no large rocks in Unit 3. However, few such special geological bodies
were identified in this research because there is no significant permittiv-
ity change in these regions according to the inverted permittivity profile
in this study (Fig. 6B).

Fig. S3 shows the comparison between this research and Zhang’s
study (Zhang et al., 2021). Zhang et al. (2021) posited that the top 34
meters consist of fine-grained regolith and multilayered ejecta emitted
from the Finsen crater, with the top layer being fine-grained regolith and
the bottom layer being ejecta from other craters. Though, the bound-
ary of the first layer is consistent with the interpreted results in this
study, the interpretation differs. We suggested that the first layer origi-
nates from the Finsen crater, whereas the bottom Zone 2 and Zone 3 are
from the VKL and VKL’ craters, respectively. The blue numbers @ to ®
mark boundaries consistent with Zhang’s interpretation, while the red
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numbers ® and @ mark new interpreted boundaries in this research. Ad-
ditionally, the purple numbers ® and ® indicate regions with no clear
identification due to the fuzzy reflection signals.

Fig. S4 shows the comparison between this research and Yuan’s study
(Yuan et al., 2021). According to Yuan et al. (2021), the interfaces A,
B, and B’, marked by the black dashed lines in Fig. S4D, are consistent
with our interpretation because Yuan’s results included elevation cor-
rection, indicated by blue numbers @ to ®. However, the interface from
C to C4 is inconsistent with our interpretation. Yuan et al. (2021) also
identified several sub-interfaces, which are marked by green numbers
® and @. These sub-interfaces are consistent with our interpretation,
where these signals are interpreted as the inner high-permittivity layer
in Zone 2. Moreover, (Yuan et al., 2021) also interpreted the bound-
ary of the buried crater, marked by purple numbers ® and ®, as the
inner-geological body boundary.

Fig. S5 shows the comparison between our research and Zhang’s
study (Zhang et al., 2020). According to Zhang (Zhang et al., 2020),
several interfaces are similar to the interpreted interfaces in this study,
marked by blue numbers @ to @, but with different geological interpre-
tations. The green letters a, b, and ¢ mark possible sub-interfaces in our
research, which are interpreted as layer boundaries in Zhang’s study.

Fig. S6 shows the comparison between our research and Lai’s study
(Lai et al., 2021). The interpretation results for the first layer in Lai’s
study and our Zone 1 are consistent, as marked by blue numbers @ to
®. Green numbers ® to ® mark a special layer or interface shown in
Lai’s study. The purple letters a, b, and c indicate several clear property
changes in Lai’s study and are also consistent with our interpretation.
The black rectangle highlights a complex region in Lai’s study, where
some faults are interpreted.

4.3. Crust-mantle material in the SPA basin

According to Wieczorek et al. (2013), the average densities of the lu-
nar highland crust and mantle materials are 2.55 g/cm? and 3.15 ~ 3.37
g/em?, respectively. Based on the estimated bulk density, the bulk den-
sity of Zone 1 ejected from the Finsen crater ranges from 2.25 ~ 3.25
g/em?, and the bottom high-permittivity layer of Zone 1 has an bulk
density of 2.81 + 0.22g/cm?, which is denser than pure highland ma-
terials with a density of 2.55g/cm>. The Finsen crater has a diameter
of 73.1 km, with an approximate excavation depth of 3.7 ~ 4.8 km
(H,y. = 0.05~0.065D, where D is the final complex crater diameter)
(Melosh et al., 2017). The Finsen crater may deliver the floor material
of the SPA, which is widely thought to penetrate the upper lunar mantle
(Potter et al., 2012; Melosh et al., 2017), to the CE-4 landing site. Ac-
cording to high-spectral and high-spatial-resolution Moon Mineralogy
Mapper (M?) data, the central peak of the Finsen crater exhibits mafic
components likely from the uplifting of the lower crust or upper mantle
within the transient cavity of the SPA (Moriarty et al., 2013). There-
for, if the estimated bulk densities in this research are correct, then a
promising conclusion could be that the upper layers of ejecta in Zone
1 at the landing site were delivered by the Finsen impact, or at least
the materials are mixed with a large portion of the lunar mantle, which
could suggest the presence of mantle material consistent with impact
models of SPA bringing olivine to the surface, as the higher end of den-
sity estimation for Zone 1 (2.81 +0.22 g/cm?) is much greater than that
of highland materials (2.55 g/cm3) or basalts (2.6 g/cm3) (Wilson and
Head, 2017). Previous research has used visible near-infrared spectra to
constrain the material properties investigated by Yutu-2 (Li et al., 2019;
Lin et al., 2020; Huang et al., 2020), but significant disputes exist due to
the poor understanding of the highly weathered top soil. Additionally,
the high content of fragments at the bottom of Zone 1 may also con-
tribute to the high bulk density and dielectric permittivity of this zone,
which requires further investigation.

As previously proposed, the materials of Zone 2 and Zone 3 might
be ejected from the VKL and VKL’ craters, respectively. The VKL and
VKL’ craters have diameters of 29.6 km and 29.0 km, with excavation
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Fig. 10. The result comparison between Li’s research Li et al. (2020). (A) the processed radargram in this research overlapped with Li’s result in the same interval,
marked by a red triangle. (B) the inverted permittivity by Cycle-GAN in this study and overlapped by Li’s tomographic reconstruction result in the same interval in the
time domain. (C) the proposed stratigraphic sequence framework in this study in the time domain. (D) the interpreted stratigraphic sequence framework overlapped

by Li’s interpretation (Li et al., 2020)(D).

depths of 1.5~ 1.9 and 1.45 ~ 1.89 km, respectively, based on previous
research (Yuan et al., 2021). These excavation depths are much smaller
than that of the Finsen crater (3.7 ~ 4.8 km), which means the materials
excavated by the VKL and VKL’ craters are likely shallower than those
excavated by the Finsen crater. Additionally, the estimated bulk den-
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sities of Zone 2 and Zone 3, delivered from the VKL and VKL’ craters,
range from 2.0 ~ 2.75 g/cm?, which is similar to those of highland ma-
terials. Therefore, if the estimated bulk density is accurate, it can be
concluded that crustal materials were excavated and delivered to the
CE-4 site from the smaller VKL and VKL’ craters, while mantle materials
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were excavated and delivered to the floor of SPA from the larger Finsen
crater.

According to the compositional subdivision of the SPA basin based
on hyperspectral data (Moriarty Iii and Pieters, 2018), the Finsen crater
is located in the SPA Compositional Anomaly (SPACA) area, while the
VKL and VKL’ craters are located in the Mg-Pyroxene Annulus area
(Fig. 1A). Therefore, the impact targets of these three major ejecta
source craters may be distinct. The Finsen, VKL, and VKL’ craters serve
as extraordinary probes into the subsurface composition of the SPA
basin. Moreover, mantle materials from the Finsen crater can be exca-
vated from the SPACA area, indicating that the SPA might exposed the
lunar upper mantle, which is currently deposited in the SPACA area.
In contrast, the targets of the VKL and VKL’ craters, located in the
Mg-Pyroxene Annulus, might be primarily composed of lunar crustal
materials.

Data archival

The Chang’E-2 global digital orthophoto map (20 m/pixel) and
Chang’E-4 Lunar Penetrating Radar data are available from the Lunar
and Planetary Data Release System (https://moon.bao.ac.cn/ce5web/
moonGisMap.search). LPR file IDs are given in the Supporting Informa-
tion (Tables S2 & S4). The base image in Figure 1B is the Chang’E-4 Land-
ing Site low-Sun controlled NAC mosaic (1.40 m/px), which is available
at the LROC website (https://www.lroc.asu.edu/ and https://wms.lroc.
asu.edu/Iroc/view_rdr_product/NAC_DTM_CHANGE4_M1303619844_
140CM). Additional gprMax simulation training and testing datasets
are available from the corresponding author upon reasonable request
because of their huge volume.
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