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A B S T R A C T

We reprocessed Chang’E-4 Lunar Penetrating Radar data collected until 27th March 2023 with a total length of
about 1440 m adding >400 m to the longest profile published so far. For data interpretation, we exploited a new
Deep Learning-based algorithm to automatically extract reflectors from a processed radar dataset. The results are
in terms of horizon probability and have been interpreted by integrating signal attribute analysis with orbital
imagery. The approach provides more objective results by minimizing the subjectivity of data interpretation,
allowing to link radar reflectors to their geological context and surface structures. For the first time, we imaged
dipping layers and at least twenty shallow buried craterform structures within the regolith using Lunar Pene-
trating Radar data. We further recognized four deeper structures similar to craters, and identified a crater rim
crossed by the rover path and visible in satellite imagery.

1. Introduction

One of the aims of the Chinese lunar landing mission Chang’E-4 (CE-
4) is to identify mantle materials that could have been uplifted during
the impact that created the South-Pole Aitken basin. As a part of this
mission, the Yutu-2 rover landed on 3rd January 2019, on the lunar
farside, in the pre-Nectarian Van Kármán crater (diameter D = 185 km;
177.5991◦E, 45.4446◦S), located within the South Pole-Aitken basin
(SPA), the largest and likely the oldest impact structure on the Moon
(Byrne, 2008) (Fig. Sup. S1, S2). Among all, two scientific targets of the
Yutu-2 rover are: 1) to study the mineralogy of the SPA by collecting in
situ reflectance spectra; and 2) image the subsurface shallow geology
using a subsurface penetrating radar system. The Lunar Penetrating
Radar (LPR) on Yutu-2 is the first radar moving directly on the surface of
the Moon’s farside (Dong et al., 2021). As in the Chang’E-3 (CE-3)
mission, the fundamental goal of the LPR surveys in CE-4 was the
exploration of the lunar subsurface structures along the rover’s path,
potentially down to several tens or even hundreds of meters (Fang et al.,
2014; Jia et al., 2018; Wu et al., 2019). For these reasons, in addition to
reflectance spectra and several other sensors, the Yutu-2 rover is

equipped with a dual frequency Lunar Penetrating Radar (LPR) with
dominant frequencies centered at 60 and 500 MHz (CH-1 and CH-2,
respectively).

Since it landed, the rover has been moving along an irregular path
(Fig. 1, Fig. Sup. S4), segmented by many stops and turnarounds points.
The initial studies focused on the first hundreds of meters of the path by
applying different analysis, processing, and inversion algorithms
(Giannakis et al., 2021; Wang et al., 2021; Zhou et al., 2021) before data
interpretation (Dong et al., 2020; Lai et al., 2020; Li et al., 2020; Dong
et al., 2021). These early studies revealed a horizontally layered sub-
surface with an almost constant regolith thickness of ~10–12 m and
several ejecta layers just below it, as well as deeper basalt layers (Lai
et al., 2020; Li et al., 2020).

As the mission progressed, new LPR data was released, and new
evidence of buried structures emerged from the data, such as a paleo-
crater from a meteorite impact (Zhang et al., 2021a), dipping features
(Feng et al., 2022), a “sandwich structure” within a paleo-crater (Zhou
et al., 2022a), and crater-induced small faults (Chen et al., 2022).

Up to now, most of the studies used visual interpretation to detect
horizons by only considering the reflection amplitude, while just in two
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cases, single and basic signal attributes such as the instantaneous
amplitude (Zhou et al., 2022b) and signal central frequency (Ding et al.,
2020; Xu et al., 2020; Giannakis et al., 2024) were exploited. In this way,
an unavoidable subjectivity was introduced into the interpretation
process, and other analyses were additionally needed to support the
interpretation, in particular numerical simulation and velocity analysis
(Li et al., 2020; Giannakis et al., 2021; Wang et al., 2021; Zhou et al.,
2022a; Chen et al., 2022). Diffraction hyperbolas analysis can be
effective in estimating the electro-magnetic (EM) velocity field, from
which properties such as dielectric permittivity and mean density can be
further derived. However, there are intrinsic problems in addition to the
limited number of diffractions (most of them concentrated in the shal-
lower part of the profile, Fig. 2), their interference, and their often-
irregular shape. A noteworthy issue is related to the not-rectilinear
travel path of the rover on the Moon’s surface which features abrupt
changes of direction along a highly irregular route (Forte et al., 2023). In
addition, there are some duplications mimicking hyperbolic patterns
(Figs. Sup. S8, S10–S13), while they are actually due to backward sub-
parallel paths of the rover (Fig. Sup. S9). Other studies estimated the
dielectric constant from the reflection amplitude (e.g. Dong et al., 2020;
Feng et al., 2023).

The low-frequency data of the LPR system is affected by interference
phenomena first described for the CE-3 mission (Li et al., 2018) and then
reported also for the CE-4 one (Pettinelli et al., 2021). The debate is still
open (Zhang et al., 2021b) and some recent studies continued to exploit
the low frequency dataset (Cao et al., 2023; Feng et al., 2023). However,
our work focuses on the high-frequency LPR dataset thanks to its high
quality and potential information content emerged from the previous
analyses.

While in reflection seismics, several automatic or semi-automatic
methods have been developed and nowadays are routinely applied for
reflections tracking and assisting in data interpretation (e.g. Dorn,
1998), they are only seldom considered for GPR datasets (e.g. Dossi
et al., 2015; Zhu et al., 2021). Similarly, while recently machine learning
(ML) and neural network (NN) algorithms have been successfully
applied for seismic data tracking (e.g. Di et al., 2020; Yang and Sun,
2019) demonstrating their powerful and effectiveness, they have not yet
been fully exploited for GPR data. An exception is Roncoroni et al.,

2022a in which a test of application was specifically dedicated to a GPR
profile as well as Dinanta et al., 2022, and Liu et al., 2023 where NN
techniques are used for specific target-detection purposes. In the latter
paper, a detailed discussion about the advantages of such an approach
can be found.

We therefore at first addressed the problem of reflectors extraction
by applying a new automated method based on Deep Learning (DL)
techniques, which provides objective and reliable results and has proven
its effectiveness in different environments, datasets, and signal-to-noise
ratios (Roncoroni et al., 2022a), (Fig. 2B, B′).

Then we exploited a combination of signal attributes that have
already been successfully applied on GPR datasets (Sénéchal et al., 2000;
Forte et al., 2012; Zhao et al., 2018) to further constrain and improve
data interpretation.

For the first time, we here show the high-frequency LPR (CH-2) data
recorded until 27th March 2023, representing the longest dataset
(~1440m) openly available at the time of writing, adding>400m to the
longest high frequency profile published so far presented in Giannakis
et al., 2024. We show new structures previously not considered or
imaged, while summarizing or partially re-interpreting the ones already
described.

1.1. Overview of the CE-4 landing site and the geological context

The entire CE-4 landing zone, i.e. Von Kármán crater in the South-
Pole Aitken basin region, exhibits a superposition of complex impact
morphologies spanning from the pre-Nectarian to Copernican epochs.
The oldest structure is the SPA basin, interpreted as one of the oldest, if
not the oldest recognizable lunar basin (~4.3 Ga, Fernandes et al., 2013;
White et al., 2020). The Von Kármán crater was predominantly dated as
pre-Nectarian, i.e. ~4.2 Ga (Lu et al., 2021) though other references
describe it as Nectarian (~4 Ga) (Feng et al., 2022). The neighboring
impacts, notably Finsen, Alder, Leibniz, Maksutov, and Von Kármán L
and L’ (Fig. Sup. S1), produced ejecta materials that filled in and affected
the bottom of the Von Kármán crater (Huang et al., 2018; Lu et al., 2021;
Chang et al., 2021). The northern and eastern parts of Von Kármán are
covered by ejecta from Lebnitz and Finsen craters, respectively, while in
the western part mare basalts are up to the surface (Huang et al., 2018;

Fig. 1. Rover path with waypoint numbers superimposed on a fusion of topography and satellite image. Cn refer to craters and related structures described in the
text. The red dot marks the landing point. Data from: https://quickmap.lroc.asu.edu/. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Lu et al., 2021) (Fig. Sup. S1, S2). The timing and relative sequence of
these ejecta depositions and basalt flows are relevant for interpreting the
local stratigraphy at the CE-4 landing site (Lai et al., 2020).

However, the studies up to date have shown a persistent inconsis-
tency in the interpretation of the local stratigraphy (Chang et al., 2021).
The Yutu-2 rover LPR profiles have been interpreted to show that the
post-mare deposits at the CE-4 landing site are up to ~45 m thick, while
a recent article (Giannakis et al., 2024) suggests a shallow basaltic lava
layer starting at ~10 m depth. The Finsen crater has been unequivocally
described as the dominant source of ejecta that covers the landing site
(Huang et al., 2018; Lu et al., 2021; Xiao et al., 2021; Xu et al., 2021).
Less agreement has been reached on the exact age of the Finsen crater, as
it was reported to be either Eratosthenian (Fortezzo et al., 2020)
(~3.0–3.1 Ga (Lu et al., 2021; Chang et al., 2021)) or Late Imbrian
(~3.5 Ga (Gou et al., 2021) or ~ 3.6 Ga (Ivanov, 2018)). Further in-
consistencies include the significance of the Alder crater (Imbrian (Lu
et al., 2021) or Nectarian (Chang et al., 2021)) ejecta in the topmost (>
45 m) layer. While the interpretation of the early (and therefore shorter)
Yutu-2 LPR data considered it a prominent component (Lai et al., 2020),
subsequent studies found Alder crater ejecta to be negligible in the
topmost layer, in agreement with remote sensing interpretations (Huang
et al., 2018), and to possibly only occur beneath the youngest mare
basalts at greater depths (>50 m (Lu et al., 2021; Chang et al., 2021; Xu
et al., 2021)). Most recently, four craters have been identified as prin-
cipal sources of primary ejecta at the CE-4 landing site, and their most
likely emplacement sequence from older to younger (Xu et al., 2021) is:
Maksutov, Von Kármán L′, Von Kármán L (all late-Imbrian), and then
Finsen. The ejecta delivered by larger and older impacts like Leibnitz
and Schrödinger, or as distant as Imbrium or Orientale, are expected at
greater depth, not accessible by LPR CH-2, beneath mare basalts (Xiao
et al., 2021). The mare basalts flooded the floor of the Von Kármán in
several episodes, namely between ~3.15 and 3.75 Ga (Ling et al., 2019).
Those deeper structures and stratigraphy, for instance, the oldest basalt
flows, that occur at depths greater than ~50 m have been assessed using
the lower-frequency CH-1 (Lai et al., 2020; Cao et al., 2023). However,
their reliability is still debated (Cao et al., 2023).

2. Methods

Radar data pre-processing is a crucial step before data analysis and
interpretation of any subsurface structure. In addition to the normal
processing flow, that is performed also on the Terrestrial GPR data, i.e.
time-varying gain, zero-offset, bandpass filter, and background removal,
we observed problems related to duplicated traces and data file stitching
(Lai et al., 2021; Forte et al., 2023). Importantly, removal of redundant
data is a critical step due to the acquisition system, since the rover stops
to acquire other measurements like panoramic cam or visible near
infrared spectra without interrupting the acquisition of LPR data. This
process generates raw data with local redundancies that need to be
removed. We have designed an algorithm capable of performing this
removal automatically andminimizing the subjectivity of the procedure,
saving time, and avoiding residual duplications (Fig. Sup. S13). The
entire algorithm is available in Roncoroni et al., 2024.

Moreover, data acquired on different days is stored separately in
different files (SOL) and needs to be merged to get a manageable full
dataset. 634,419 A-scans (i.e. traces) for a total length of the path equal
to ~1440 m within the SOL range (lunar days) between 01 (4th January
2019) and 286 (27th March 2023) have been released at the moment of
writing (January 2024) and are downloadable at https://moon.bao.ac.
cn/ce5web/moonGisMap.search (Table Sup. S1 provides the list of all
the used original files). In Roncoroni et al., 2024 the entire LPR CH2
dataset is fully described and can be downloaded in both original and
different edited and processed versions.

Beside standard processing steps, one of the commonly applied GPR
processing algorithms is migration: its purpose is to correct for the dis-
tortions that can occur in the recorded signals due to both subsurface

Fig. 2. Entire interpreted LPR dataset in normalized amplitude (A, A’) and
automated DL horizons extraction, in terms of reflections probability (B, B′).
Light red dots represent localized scatterers, while continuous, dashed and
dotted lines follow the main recognized reflectors. Each colour marks the same
horizon in all the images. The data segmentation at about 1000 m is due to an
about 20 m wide automatic duplicated traces removal (see Method section).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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dipping reflectors, and diffraction of the electromagnetic waves (scat-
tering), see e.g. Jol, 2009.

The migration changes the reflectors dip, location and length only if
they are not horizontal, while in the latter case they are not modified
anymore (Yilmaz, 2001). Since for migration the EM velocity model is
the most crucial parameter, we chose not to apply it due to the rover’s
non-linear path (Fig. Sup. S8, S9) and also because the out-of-plane
hyperbolas (Jiao et al., 2000) did not allow for retrieval of a trustful
velocity model. Such events are expected within the regolith, which is
composed of heterogeneous materials with many possible lateral scat-
terers. On the other hand, the migration of the data can surely focus
diffraction hyperbolas, but such a distinct hyperbolic shape can be
exploited in localizing the scatterers. Therefore, the migration proced-
ure would not allow us to retrieve better resolution and would poten-
tially heavily degrade the imaging especially of deeper horizons, for
which there are no reliable constraints on the velocity model, and signal
degradation is expected due to border effects (Yilmaz, 2001).

For similar reasons, time-to-depth conversion was done using a
constant EM velocity equal to 0.16 m/ns. It is certainly true that a more
detailed velocity field could be reconstructed exploiting diffraction hy-
perbolas, but as previously pointed out, there are intrinsic limitations.

2.1. LPR horizon extraction

For the automatic horizon extraction (Fig. 2b and b’) we modified
the workflow proposed in Roncoroni et al., 2022a, 2022b, implementing
and exploiting a NN that takes both the data amplitude and the cosine of
the instantaneous phase, as inputs. The entire training model and codes
can be found in https://github.com/Giacomo-Roncoroni/CE4-HrEx.

The algorithm uses a Long Short-Term Memory (LSTM) (Hochreiter
and Schmidhuber, 1997) architecture to maintain the causality of the
data and take advantage of its ability to better fit the physics behind
wave propagation. The use of Bi-Directional LSTM is also employed to
improve the accuracy of NN classification.

The training data generation for the LSTM is based on synthetic GPR
traces created by convolving a wavelet with a reflectivity function and
adding noise, Roncoroni et al., 2022a. This process allowed for the
generation a hige ammount of synthetic data representing a wide range
of conditions typically encountered in field datasets, ensuring the NN’s
robustness and adaptability to various signal and noise characteristics.

The output of the NN is driven by a dense layer with two neurons and
a SoftMax activation function (Mannor et al., 2005) that outputs a
probability value indicating the presence of reflections as a function of
recording time. The methodology is fully 1-D, so it separately considers
A-scans (i.e. single traces). Further details about the choice, imple-
mentation, and strength of the NN can be found in Roncoroni et al.,
2022a.

We trained the NN using a synthetic GPR dataset composed of
100,000 traces (a.k.a. A-scans) to eliminate potential biases arising from
the field dataset and to exert full control over the NN performance
through the known subsurface model that generated the training data.
The reference output was represented by a binary indicator (1,0) la-
beling each sample as either representing a signal reflection or not,
respectively. Therefore, the first prediction output is given as a proba-
bility set, where each point is associated with a probability range indi-
cating its likelihood of belonging to a reflector. Then, to obtain the
binary indicator we just set a threshold, estimated by evaluating the
number of points classified as reflectors at various threshold values, and
selecting the sharp inflection point in the resulting curve. This method
minimizes the subjectivity of the choice and is applied as a constant on
the entire dataset.

Since we are working with a 1-D methodology, to reduce the noise
effect we trained the NN to predict the whole wave package and not only
its maximum phase, as performed in Roncoroni et al., 2022a. Tomitigate
the uncertainty in predictions, an ensemble learning strategy was
employed. This strategy leverages multiple learning algorithms to

achieve improved predictive outcomes (Mendes-Moreira et al., 2009).
This methodology resulted in two separate predictions, which were then
combined using their geometric mean, as it provided better results
compared to the arithmetic mean. This can be attributed to the nature of
the prediction, where probabilities in the range [0–1] are being pre-
dicted, as plotted in Fig. 2b and b’. Null values represent no horizon
probability, while values equal to 1 the maximum probability.

2.2. LPR attributes analysis

Attribute analysis is a technique used to extract features and infor-
mation from GPR data to support interpretation and data analysis and at
first exploited for reflection seismic data (Chopra and Marfurt, 2007). In
this paper we used several attributes to get a more detailed and con-
strained LPR interpretation and to verify and validate the results ob-
tained with the automated horizon extraction. In particular, we
calculated:

• Cosine of the instantaneous phase (Chopra et Marfurt, 2007) (a.k.a.
cosine of phase): it is a complex and amplitude independent attribute
that clearly displays bedding (Fig. Sup. S16 and details in Fig. 7).

• Dominant Frequency (Chopra and Marfurt, 2007) it is a complex
attribute, commonly used for highlighting specific events, such as
abnormal attenuation and thin bed tuning (Fig. Sup. S18, S19, S20).

• Sweetness (Oliveros and Radovich, 1997): It is an attribute computed
by dividing the trace envelope by the square root of the instanta-
neous frequency (Fig. Sup. S17, S19, S20). It is able to characterize
and emphasize differences between various facies.

3. Results

3.1. Analysis of the topography of the CE-4 landing site

The topography of the terrain where the rover landed is dominated
by sub-parallel ejecta rays interpreted to originate mainly from the
Finsen crater (Fig. Sup. S3). This is reflected in the distribution of
alternating ~400–500 m wide topographic low and high zones, occa-
sionally connected by lower-lying bridging material (Fig. 1, Fig. Sup.
S5). The rover has landed on a relatively high zone and the first 400 m of
the path covered these ejecta-rich strata. The path then continues across
a lower zone ~500 m wide that is followed by another high zone
~1000–1300 m along the path (Fig. 1). The final ~100 m of the path,
undisclosed until now, is placed toward another low zone. This topog-
raphy seems to play an essential role in ejecta distribution, but earlier
studies have not fully considered it.

3.2. LPR profile interpretation and stratigraphy

We describe different stratigraphic units interpreted by exploiting
LPR data of the ~1440 m long rover path, focusing on the first ~50 m
depth. The rover path is presented in Fig. 1 (the landing site is marked by
the red dot), and the radar profile in Fig. 2 (the landing site is on the left
side). In discussing the results, we outline the stratigraphy as obtained
by automated NN extraction, integrated by radar attributes evaluation
(see Methods).

The DL horizon extraction (Fig. 2b) highlights some reflectors which
are almost continuous along the entire profile, as well as other horizons
present only in specific locations. By integrating the reflector probability
(Fig. 2b) with the reflection amplitude (Fig. 2a) and combining multi
attribute analysis (Fig. 3; Fig. Sup. S15-S20), we can interpret single
horizons, their spatial correlation and facies: similar colors represent the
same stratigraphic level along the radar profile (Fig. 2b, c; Fig. 3).

Moreover, we interpreted beneath the entire rover path different EM
units (U1–U4) on the basis of their EM signature, geometry and relative
location, as detailed below (Fig. 4).

U1 has a low overall reflectivity, without clear and coherent high

G. Roncoroni et al.
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amplitude reflections. This unit can be observed from the topographic
surface down to an almost constant depth of ~12 m, seen from the
landing site position to a distance of 275m, decreasing down to as low as
6 m at a distance of 380 m and then approaching 15 m between 500 and
950m (Fig. 4). Its thickness is again lower (5–10m) until 1350m, then it

increases again at the end of the profile. Within U1 we imaged two new
types of structures: at least 20 have a concave shape, while several
others are characterized by local sub-horizontal reflectors. None of these
features have been previously reported, probably because they have an
overall low signal amplitude, but appear very clear when phase or other
composite attributes like sweetness (see Methods) are considered (Fig. 3,
S17). The concave structures appear close to the surface and have a
mean width equal to 16.4 m (maximum 23.2 m; minimum 8.3 m) and
some of them are partially overlapping. We interpret all those structures
as filled craters produced by either small meteorites or, most likely, as
secondary craters that are very frequent in this area. Some of these
craters appear concealed at the top with a quite discontinuous but still
recognizable sub-horizontal reflector (e.g. at 1220 m, Fig. Sup. S20). In
addition to these reflectors, some other deeper and significantly longer
ones have been imaged within U1 and specifically between 450 and 780
m. They show a maximum (apparent) dip equal to 6◦ between 450 and
500 m where they lie over dipping layers of U2. The maximum lateral
extension of a single reflector reaches 70 m, demonstrating that the
regolith is, at least locally, layered and shows some stratifications that
follow the former (i.e. deeper) morphology.

Stronger reflectors are present beneath ~12 m depth from the top of
the profile, including discrete horizontal and slightly dipping reflectors
down to a depth of ~30m. These layered zones can be classified into two
separate stratigraphic units based on their amplitude, signature and
lateral continuity (Fig. Sup. S16-S18): the upper one (U2) that is ~8–10
m thick and entails two roughly equally thick layers (green in Figs. 2 and
4), and the slightly thicker beneath (~12 m, U3) that contains up to
three layers (orange to red in Fig. 2, light blue in Fig. 4).

U2 is present in the first 480 m of the profile and from ~950 to 1350
m, while U3 can be observed throughout the profile. At a depth of ~30
m, a strong reflector appears (with local lower reflectivity) with signif-
icantly different characteristics from those of the facies above (see e.g.
Fig. Sup. S18), and persists laterally throughout the observed profile (U4
in Fig. 4).

The actual stratigraphy is also determined by the excavated local
materials mixed with that ejecta and reworked by multiple impacts. The
final stratigraphic layers rather reflect the mixture of the primary ejecta
and the excavated local materials (i.e. ejecta deposits) (Xu et al., 2021)
and the thicknesses of the U1–U4 layers described here are broadly in
agreement with previously interpreted thicknesses. In this regard, U1
has been interpreted as fine-grained regolith (e.g. Li et al., 2020; Lai
et al., 2020; Zhang et al., 2021a; Chen et al., 2022) dominated by Finsen
ejecta which was then reworked, mixed and overturned by numerous
impacts but compositionally it is very similar to the ejecta itself (Lin
et al., 2020; Dong et al., 2021; Guo et al., 2021). In addition to several
low amplitude interfering events, made clear by phase analysis (see e.g.
Fig. Sup. S16), there are some localized scatterers having different am-
plitudes, alternatively interpreted as decimeter-sized boulders ejected
during the formation of Finsen crater, including an unknown fraction of
local rocks (Chen et al., 2022), or as broken pieces of glass-bearing
breccia projectiles excavated from pre-existing small craters on the
lunar farside (Lin et al., 2020). Some authors further divide U1 into two
sub-units: the topmost is more homogeneous with weaker amplitude
because the surface materials have undergone a longer weathering
period, while the lower portion has a high overall reflectivity interpreted
as a less weathered material (Zhang et al., 2020). This division is not
apparent in our analysis, even if the shallower part of U1 seems to have
higher numbers of scatterers than the deeper one.

Discrete layers within U2 and U3 (~12–30 m deep) correspond to
what has been previously described as different coarse ejecta deposits i.
e. the mixture zone of Finsen’s primary ejecta, pre-Finsen primary ejecta
(Maksutov, Von Kármán L′, and Von Kármán L) and local basalt mate-
rials (Xu et al., 2021).

The lowest U4 most probably represents a mare basalt layer >30 m
deep, as already pointed out by several studies (e.g. Guo et al., 2021;
Zhang et al., 2021a), with some discontinuous highly attenuated

Fig. 3. Entire interpreted LPR dataset: smoothed dominant frequency (A, A’);
sweetness (B, B′). Light red dots represent localized scatterers, while contin-
uous, dashed and dotted lines follow the main recognized reflectors. Each
colour marks the same horizon in all the images, as in Fig. 2. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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internal layers also due to low overall signal-to-noise ratio of LPR high
frequency data for high depth. This seems to be confirmed by the signal
frequency behavior (Fig. 3) even if a recent paper (Giannakis et al.,
2024) suggests a different interpretation. However, a conclusive inter-
pretation of such a unit is not possible just from the analysis of LPR data.

In general, the observed stratigraphy is quite in agreement with
strata described earlier (Xu et al., 2021; Zhang et al., 2021a; Lai et al.,
2021). However, notable discrepancies and new imaged structures will
be discussed especially regarding U1, U2 and paleo craters structures C1
to C4.

4. Discussion

The CE-4 landing site shows a morphology with alternating topo-
graphic lows and highs reflecting Finsen ejecta rays, which are trans-
ected by the Yutu-2 rover (Figs. 1, 5). In particular, based on a fine-scale
digital terrain model (DTM) map we detected four crater shapes (C1 to
C4 in Fig. 1) crossed by, or very close to the rover path. Crater C1 is
buried just below the regolith and developed within U2. It was first
interpreted by Zhou et al., 2021 and then confirmed by several other
authors. We estimated its maximal excavation depth (d) as a function of
the crater diameter (D) using the relation d = 0. 084D (Melosh, 1989;
Warner et al., 2017) (Fig. 4). Marco Figuera et al., 2022 proposed for the
Moon different relations for craters with or without permanent shad-
owed regions, which are not applicable in our study. However, also
considering the intrinsic errors due to approximations done for both
vertical and lateral LPR velocities, here we just want to consider an order
of magnitude value.

For C1, exploiting the above reported relation, we obtained a depth
of 8.8 m, being D = 105 m, which is in good agreement with the
interpreted paleo crater which extends to a maximum depth based on
the LPR data of 8.0 m. If we consider the entire zone in which the

layering is absent as the crater diameter, having an extension at its top of
about 125 m, an excavation depth of 10.5 m is obtained: it matches the
vertical extension in which the layers are absent i.e., from the pink
dashed line (top of the crater filling materials) down to the brown
dashed line (Fig. 2).

C3 crater is quite clear on the surface morphology which can be
related to the interpreted location of the crater on LPR data, however its
filling and its actual geometry are not easy to be defined.

The same geometrical analysis was performed on C4, which has a

Fig. 4. Subsurface units assessment from LPR data interpretation (Figs. 2, 3). U1 (grey), U2 (green), U3 (light blue), U4 (blue) represent different macro units. C1,
C2’, C3 and C4 are interpreted as paleo-crater filling materials, while dotted and dashed lines mark layering and peculiar structures within the main units (see text for
description and details). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Correlation of surface and sub-surface structures. Plain view of the
rover path and correlation with LPR processed profile (in amplitude). Red and
blue segments highlight high and low topography zones, respectively. Landing
point is at location 1. Data from: https://quickmap.lroc.asu.edu/. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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diameter equal to about 142 m and an estimated excavation depth from
LPR data of 6 m. By applying the previously reported relation, we obtain
a d value equal to 11.9 m, which does not match the actual geometry of
C4, possibly because this crater was modified after the main impact, as
suggested also by its very irregular shape.

A similar analysis performed on the 20 shallow craters (some of them
being coalescent), (Fig. 2) gives a mean diameter of 16.4 m and a
consequent excavation depth of 1.4 m. Even in this case, such a value is
quite similar to the depth imaged by the LPR data, which values range
from 0.9 to 2.4 m. The similar size and their close and regular spatial
distribution suggest they were created as secondary craters.

A peculiar structure is labeled as C2’ in Figs. 1 and 4. It lies on the top
of U2 between 360 and 460 m on the profile. In this portion, LPR path
crosses the rim of crater C2 whose center is to the south of the profile. C2
is an elliptical crater ~145 m (North-South) by ~195 m (East-West)
wide and evident on the surface morphology; it is not visible on the LPR
profile since it develops outside from the investigated area (see Fig. 1),
but another craterform structure (C2’) is apparent.

This smaller (max wideness in NW-SE direction equal to about 115
m) and younger crater C2’ (Fig. 6) superimposed on the rim of the main
crater C2 (estimated to be younger than 100 Ma (Lai et al., 2021)) ap-
pears quite fresh. In particular, it is apparent when considering the
surface azimuth (Fig. 6c), while on the surface slope image (Fig. 6d) it is
quite smooth. On the satellite imagery (Fig. 6a) this structure is not
recognizable, while on the surface elevation (Fig. 6b) it is not very
evident. The very high reflectivity and reflection continuity of the cor-
responding LPR horizon (marked in light green in Fig. 2) imply that it
entails, at least partially, possible impact melt that was created on the
rim of C2.

DL driven interpretation of the LPR data, integrated with attribute
analysis and satellite imagery, allowed to extract the stratigraphic ho-
rizons, correlate them spatially, and group the main units, instead of
using a more subjective manual line drawing interpretation. While the
overall structure revealed by this method agrees reasonably well with
previous observations (e.g. Lai et al., 2021; Zhang et al., 2021b; Chen
et al., 2022; Feng et al., 2022, it allows, for the first time, the recognition
of novel and less evident sub-surface structures. Importantly, using this
integrated interpretation, we were able to distinguish stratigraphic units
with different electromagnetic characteristics, and not only generic
“reflectors”, as well as to recognize their correlation with the present-
day topography. The level of detail in the interpretation is enhanced
compared to previous studies, as well as its objectivity. For instance, we
found that U2 is not present in the central part of the LPR profile
(480–950 m). Notably, based on topography and distribution of lows
and highs, it can be observed that this segment of missing U2 unit cor-
responds to the lower terrain (Fig. 5). Based on this observation, we
suggest that the U2 unit, whose top is the first strong layered reflector
beneath the regolith, corresponds to the top of the Finsen ejecta. At the
end of the LPR profile, U2 is no longer present since the path is
approaching another low topographic area, in which Finsen ejecta is not
expected (Fig. 1, Fig. 5). Therefore, the U2 layer can be identified as
directly deposited by the Finsen event. On the other hand, our integrated
LPR data analysis and horizon extraction do not confirm the faults
suggested by Chen et al., 2022. We found local interruptions of some
reflectors and the previously described peculiar lack of reflectors close to
the buried crater C1, but no fault-like features.

All available studies consider a homogeneous regolith without clear
internal reflectors, only with local high amplitude scatterers with the
exception of Giannakis et al., 2021 and 2024, which did not directly
recognize layering within the regolith, but evidenced lateral and vertical
macro electrical permittivity changes within it. Such Authors imple-
mented and applied a method to estimate the electrical permittivity
exploiting a new approach for diffraction hyperbolas fitting, but limited
to the shallower 150 ns (i.e. 12 m considering a constant EM velocity
equal to 0.16 m/ns) of CE-4 LPR data. We here show not only that the
layering is visible and clearly imaged on the radar profile, but that it is

Fig. 6. Analysis of the LPR portion between SOL 95 and 145 and comparison
with surface morphology. A) Satellite photograph; B) surface elevation; C)
terrain aspect; D) terrain slope; E) LPR interpreted data.
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slightly dipping and follows the deeper paleo-topography. This obser-
vation is an independent support toward the fact that the Finsen ejecta
were deposited in alternating lows and highs which formed a paleo-
topography of the terrain as early as ~3 Ga ago, or even earlier. The
regolith layers were then deposited following this paleo-relief and were
not entirely annihilated by the subsequent impacts. As layers do not
show complete homogeneous mixing, it is expected that the Finsen
ejecta would not completely mix with ejecta from previous craters and
the layers dominated by previous ejecta may still exist. However, most
likely the topmost layer is a mixture of dominantly Finsen ejecta with
pre-materials, in agreement with the geological mapping, suggesting
dominance of the Finsen ejecta in this entire portion of the Von Kármán
crater, crossed by SW-NE ejecta rays from Finsen and dominated by
characteristic orthopyroxene (Huang et al., 2018) (Fig. Sup. S3).

It is interesting to notice that, in agreement with the analysis recently
proposed by Giannakis et al., 2024 (see the central frequency and its

smoothed version in fig. 9 therein), the dominant frequency attribute
(Fig. 3a, a’ and Sup. S18–S20) has a peculiar trend. In fact, it decreases
for increasing depths, as expected due to the well-known low pass
filtering effect due to the materials (e.g. Neto and Medeiros, 2006), but
with a significantly different lateral behavior. In particular: U1 is always
characterized by the highest frequency content, gradually decreasing
with depth; U2 (and C1, C2’, C3, C4) exhibit intermediate frequencies;
U3 has a lower dominant frequency (blue colors in Fig. 3a, a’); U4 is
characterized by an intermediate frequency content. The latter is
probably related to the lower signal-to-noise ratio close to the bottom of
the record, but all the other features seem to be realistic. In particular,
there is a significantly different spectral signature between C3 (charac-
terized by intermediate frequencies) and its surroundings where low
frequencies dominate, further confirming that C3 is most probably a
filled paleo crater.

In addition to regolith internal layering, for the first time, at least 20

Fig. 7. Details of layering and shallow craterform structures within the regolith (U1), A) and B). C) and D) show the cosine of instantaneous phase calculated within
red boxes in B). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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shallow buried craterforms have been detected on the LPR dataset. They
are not apparent on the base of LPR reflection amplitude (Fig. 7) sug-
gesting, as expected, that the filling material is very similar to the sur-
rounding one. However, using signal attributes and in particular phase
attributes (Fig. 7) the lateral limit of such craters is evident and can be
quite easily imaged even when the DL horizon extraction does not
clearly recognize any apparent structures.

5. Conclusions

New accessible LPR data and DL-based interpretation allowed us to
identify new subsurface structures on the farside of the Moon. In
particular, while available studies detected a homogeneous regolith
with only local scatterers and no apparent reflectors, we not only show
that several layers can be imaged exploiting the LPR data, but also that
they are not always horizontal but rather follow the deeper paleo-
topography. The DL automated horizon probability procedure inte-
grated with the analysis of combined signal attributes, allowed the
discovery of fine-scale features in regolith and ejecta layers which were
not previously imaged, probably due to their low overall amplitude and
elusive nature. In particular, we recognized at least twenty shallow
buried crater-like structures within the regolith and further four devel-
oped deeper within different stratigraphic units. We made a relevant
step forward in correlating layers and defining their different geological
meaning. The LPR dataset was not interpreted as a stand-alone infor-
mation, but it was fully integrated with satellite-derived information,
and specifically to surface photographs and detailed elevation models,
finding that some subsurface units are well correlated with the present-
day topography. This observation is an independent support toward the
fact that the Finsen ejecta was deposited in alternating lows and highs
which formed a paleo-topography of the terrain. Thanks to the exploited
integrated data approach, we assigned specific geological and geomor-
phological meaning to the identified subsurface reflectors, defining four
different main units along the considered rover path, and describing
their relationship. The obtained results proved the importance of inte-
grated analysis of lunar data for subsurface assessment and structure
identification, which are in turn crucial for possible resources evalua-
tion. Further research will be addressed to the calculation of DL-based
attributes analysis.

In the future, the machine learning algorithm as proposed in this
paper could be used for the lunar rover to automatically extract sub-
surface target information such as the layered structure, lava tube, crater
and rock body, so as to provide information support for the rover to
independently plan its route path and obtain more valuable scientific
data.
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& editing. A. Frigeri: Writing – review & editing. W. Zhao: Writing –
review & editing. G. Fang: Supervision. M. Pipan: Writing – review &
editing, Supervision, Resources, Project administration, Funding
acquisition, Formal analysis, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Open research

Data can be found on 2019 DOI: https://dx.doi.
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