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Abstract

We reprocessed and interpreted Chang’E-4 Lunar Penetrating Radar (LPR) data collected until 14th February 2023, exploiting
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 20 shallow buried
crateriform structures within the regolith using LPR data. We further recognized four deeper structures similar to craters,
locating ejecta deposits related to a crater rim crossed by the rover path and visible in satellite image data.
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Key Points 12 

 13 

· Processing and analysis of a more than 1400 m long Chang'E4 Lunar Penetrating Radar 14 
profile collected on the farside of the Moon. 15 

· For the first time a Deep Learning based algorithm is exploited on Lunar radar data to 16 
automatically extract the subsurface horizon probability. 17 

· Improved subsurface geometry was obtained and new elements were detected, including 18 
craterform structures and related deposits. 19 

 20 

Plain Language Summary 21 

We provide a new analysis and interpretation of Chang'E4 Lunar Penetrating Radar collected in 22 
the Chinese mission on the farside of the Moon. Radar waves penetrated into the ground revealed 23 
new subsurface structures down to a maximum depth of about 50 m. To extract the information 24 
contained in the radar signal, we exploit a new approach based on a Deep Learning algorithm, 25 
integrated and cross-validated with some calculated signal attributes, thus limiting the 26 
subjectivity of the interpretation while providing more affordable and constrained information. In 27 
particular, more than 20 shallow craterform structures and four deeper craters have been detected 28 
for the first time. By integrating radar results with satellite-derived information, and specifically 29 
with surface photographs and detailed elevation models, we discovered that some of the 30 
observed subsurface geological units are well correlated with the present-day topography. Our 31 
new findings proved the importance of integrated analysis of Lunar data for subsurface structures 32 
identification and characterization, which is mandatory for resources evaluation and their 33 
possible future exploitation. 34 

 35 
  36 
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Abstract 37 

We reprocessed and interpreted Chang’E-4 Lunar Penetrating Radar (LPR) data collected until 38 
14th February 2023, exploiting a new Deep Learning-based algorithm to automatically extract 39 
reflectors from a processed radar dataset. The results are in terms of horizon probability and have 40 
been interpreted by integrating signal attribute analysis with orbital imagery. The approach 41 
provides more objective results by minimizing the subjectivity of data interpretation allowing to 42 
link radar reflectors to their geological context and surface structures. For the first time, we 43 
imaged dipping layers and at least 20 shallow buried crateriform structures within the regolith 44 
using LPR data. We further recognized four deeper structures similar to craters, locating ejecta 45 
deposits related to a crater rim crossed by the rover path and visible in satellite image data.  46 

1 Introduction 47 

The aim of the Chinese lunar landing mission Chang'E-4 (CE-4) is to unravel the causes 48 
of irregular volcanic products and regolith between the near and far side of the Moon. As a part 49 
of this mission, the Yutu-2 rover landed on 3rd January 2019, on the lunar far side, in the ancient 50 
Van Kármán crater (diameter D = 185 km; 177.5991°E, 45.4446 °S), located within the South 51 
Pole-Aitken Basin (SPA), the largest and likely the oldest impact structure on the Moon (Byrne, 52 
2008), Fig. Sup. S1, S2. The two major scientific targets of the Yutu-2 rover are: 1) to study the 53 
mineralogy of the SPA by collecting in situ reflectance spectra; and 2) image the subsurface 54 
shallow geology using a subsurface penetrating radar system. The LPR on Yutu-2 is the first 55 
radar moving directly on the surface of the Moon's far side (Dong et al., 2021). As in the 56 
Chang'E-3 (CE-3) mission, the fundamental goal of the LPR surveys in CE-4 was the exploration 57 
of the lunar subsurface structures along the rover's path down to several tens or even hundreds of 58 
meters (Fang et al., 2014; Jia et al., 2018; Wu et al, 2019). For these reasons, in addition to 59 
reflectance spectra and several other sensors, the Yutu-2 rover is equipped with a dual frequency 60 
Lunar Penetrating Radar (LPR) with central frequencies centered at 60 and 500 MHz (CH-1 and 61 
CH-2, respectively). This is the first instrument traveling on the Moon’s surface capable of radar 62 
sounding at such depths, with horizontal and vertical spatial resolutions up to about 0.1 meters. 63 

Since it landed, the rover has been moving along an irregular path (Fig. 1, Fig. Sup. S4), 64 
segmented by many stops and turnarounds points. The initial studies focused on the first 65 
hundreds of meters of the path by applying further analysis, processing, and inversion algorithms 66 
(Giannakis et al., 2021; Wang et al., 2021; Zhou et al., 2021) before data interpretation (Dong et 67 
al., 2021; Dong et al., 2020; Lai et al., 2020; Li et al., 2021). These early studies revealed a 68 
horizontally layered subsurface with an almost constant regolith thickness of ~10–12 meters and 69 
several ejecta layers just below it, as well as deeper basalt layers (Lai et al., 2020; Li et al., 70 
2021). 71 

As the mission progressed, new datasets were released, and new evidence of buried 72 
structures emerged from the data, such as a paleo-crater from a meteorite impact (Zhang et al., 73 
2021), dipping features (Feng et al., 2022), a "sandwich structure" within a paleo-crater (Zhou et 74 
al., 2022), and faults (Chen et al., 2022). 75 

Up to now, most of the studies used visual interpretation to detect horizons by only 76 
considering the reflection amplitude, while just in two cases, single and straightforward signal 77 
attributes such as the instantaneous amplitude (Zhou et al., 2022) and signal central frequency 78 
(Feng et al., 2023) were exploited. In this way, an unavoidable subjectivity was introduced into 79 
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the interpretation process, and other analyses were additionally needed to support the 80 
interpretation, in particular numerical simulation and velocity analysis (Giannakis et al., 2021; 81 
Wang et al., 2021; Li et al., 2022; Zhou et al., 2022; Chen et al., 2022). Diffraction hyperbolas 82 
analysis can be effective in estimating the EM velocity field, from which properties such as 83 
dielectric permittivity and mean density can be derived. However, there are intrinsic problems in 84 
addition to the limited number of diffractions (most of them concentrated in the shallower part of 85 
the profile, Fig. 2), their interference and their often-irregular shape. A noteworthy issue is 86 
related to the not-rectilinear travel path of the rover on the Moon’s surface which features abrupt 87 
changes of direction along a highly irregular route, as well as varying speeds (Figs. Sup. S8, S10-88 
S13.). Other studies estimated the dielectric constant from the reflection amplitude (e.g. Dong et 89 
al., 2020; Feng et al., 2023). This inversion approach is undoubtedly effective in some cases 90 
(Forte et al., 2014). 91 

The low-frequency data of the LPR system are affected by interference phenomena first 92 
described for the CE-3 mission (Li et al., 2018) and then reported also for the CE-4 mission 93 
(Pettinelli et al., 2021). The debate is still open (Zhang et al., 2021) and some recent studies 94 
continued to exploit the low frequency dataset (Cao et al., 2023). Our work focuses on the high-95 
frequency LPR dataset due to its high quality and potential information content emerged from 96 
the preliminary analysis. 97 

We first address the problem of reflectors extraction by applying a new automated 98 
method based on Deep Learning techniques, which provides objective and reliable results and 99 
has proven its effectiveness in different environments, datasets, and signal-to-noise ratios 100 
(Roncoroni et al., 2022a) (Fig. 2 bottom). We then applied a combination of signal attributes that 101 
have already been successfully exploited on GPR datasets, e.g. refs. Sénéchal et al., 2000; Forte 102 
et al., 2012; Zhao et al., 2018., to further constrain and improve data interpretation.  103 

For the first time, we here show the high-frequency LPR (CH-2) data recorded until 27th 104 
March 2023, representing the longest dataset openly available at the time of writing, adding more 105 
than 700 m to the longest high frequency profile published so far (Chen et al., 2022). We show 106 
new structures previously not considered or imaged, while summarizing or partially re-107 
interpreting the ones already described. 108 
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(Fortezzo et al., 2020) (~3.0–3.1 Ga (Lu et al., 2021; Chang et al., 2021)) or Late Imbrian (~3.5 135 
Ga (Gou et al., 2021) or ~3.6 Ga (Ivanov, 2018) ). Further inconsistencies include the 136 
significance of the Alder crater (Imbrian (Lu et al., 2021) or Nectarian (Chang et al., 2021)) 137 
ejecta in the topmost (> 45 m) layer. While the interpretation of the early (and therefore shorter) 138 
Yutu-2 data considered it a prominent component (Lai et al., 2020), subsequent studies found 139 
Alder crater ejecta to be negligible in the topmost layer, in agreement with remote sensing 140 
interpretations (Huang et al., 2018), and to possibly only occur beneath the youngest mare 141 
basalts at greater depths (more than 50 m (Lu et al., 2021; Chang et al., 2021; Xu et al., 2021)). 142 
Most recently, four craters have been identified as principal sources of primary ejecta at the CE-4 143 
landing site, and their most likely emplacement sequence from older to younger (Xu et al., 2021) 144 
is: Maksutov, Von Kármán L′, Von Kármán L (all late-Imbrian), and then Finsen. The ejecta 145 
delivered by larger and older impacts like Leibnitz and Schrödinger, or as distant as Imbrium or 146 
Orientale, are expected at greater depth, not accessible by CH-2, beneath mare basalts (Xiao et 147 
al., 2021). The mare basalts flooded the floor of the Von Kármán in several episodes, namely 148 
between ~3.15 and 3.75 Ga (Ling et al., 2019). Those deeper structures and stratigraphy, for 149 
instance, the oldest basalt flows, that occur at depths greater than ~50 m have been assessed 150 
using the lower-frequency CH-1 (Lai et al., 2020; Cao et al., 2023). However, their reliability is 151 
still debated (Cao et al., 2023).  152 

2 Methods 153 

 Radar data pre-processing is a crucial step before data analysis and interpretation of any 154 
subsurface structure. In addition to the normal processing flow, that is performed also on the 155 
earth GPR data, we observed problems related to duplicated traces and data file stitching (Lai et 156 
al., 2021). Importantly, removal of redundant data is a critical step due to the acquisition system, 157 
since the rover stops to acquire other measurements like panoramic cam or visible near infrared 158 
spectra without interrupting the acquisition of LPR data. This process generates raw data with 159 
local redundancies that need to be removed. We have designed an algorithm capable of 160 
performing this removal automatically and minimizing the subjectivity of the procedure, saving 161 
time, and avoiding residual duplications (Fig. Sup. S13). The entire algorithm is available at 162 
https://figshare.com/s/36c46ad26ab1aadcfcd7. 163 
 Moreover, data acquired on different days are stored separately in different files (SOL) 164 
and need to be merged to get the full dataset. 634,419 A-scans (i.e. traces) for a total length of 165 
the path equal to ~1440 m within the SOL range (Lunar days) between 01 (4th January 2019) and 166 
286 (27th March 2023) have been released at the moment of writing (August 2023) and are 167 
downloadable at https://moon.bao.ac.cn/ce5web/moonGisMap.search (Table Sup. S1 provides 168 
the list of all the used original files). 169 
 Beside standard processing steps, one of the commonly applied GPR processing 170 
algorithms is migration: its purpose is to correct for the distortions that can occur in the recorded 171 
signals due to both subsurface dipping reflectors, and diffraction of the electromagnetic waves 172 
(scattering).  173 
 The migration changes the reflector dip, location and length only if they are not 174 
horizontal, while in the latter case they are not modified anymore (Yilmaz, 2001). Since for 175 
migration the EM velocity model is the most crucial parameter, we chose not to apply it due to 176 
the rover’s non-linear path (Fig. Sup. S8, S9) and also because the out-of-plane hyperbolas (Jiao 177 
et al., 2000) did not allow for retrieval of a trustful velocity model. On the other hand, migration 178 
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can surely focus diffraction hyperbolas, but such a peculiar shape is very helpful in localizing 179 
scatterers. 180 
Therefore, the migration procedure would not allow us to retrieve better resolution on the 181 
horizon and would potentially heavily degrade the imaging of deeper horizons, for which there 182 
are no reliable constraints on the velocity model and signal degradation is expected due to border 183 
effects (Yilmaz, 2001). 184 
 For similar reasons, time-to-depth conversion was done using a constant EM velocity 185 
equal to 0.16 m/ns. It is certainly true that a more detailed velocity field could be reconstructed 186 
exploiting diffraction hyperbolas, but as previously pointed out, not without relevant and 187 
insuperable issues and limitations. 188 
 189 
2.1 LPR Horizon extraction 190 
 For the automatic horizon extraction, Fig. 2c, we modified the workflow proposed in 191 
Roncoroni et al., 2022a and 2022b, for GPR measurements, implementing and exploiting a 192 
Neural Network that takes both the data amplitude and the cosine of the instantaneous phase, as 193 
input. The entire train model and codes can be found in https://github.com/Giacomo-194 
Roncoroni/CE4-HrEx. 195 
 The algorithm utilizes a Long Short-Term Memory (LSTM) (Hochreiter and 196 
Schmidhuber, 1997) architecture to maintain the causality of the data and take advantage of its 197 
ability to better fit the physics behind wave propagation. The use of Bi-Directional LSTM is also 198 
employed to improve the accuracy of NN classification. The output of the NN is driven by a 199 
dense layer with two neurons and a SoftMax activation function (Mannor et al., 2005) that 200 
outputs a probability value indicating the presence of reflections as a function of time. 201 
 We trained the neural network (NN) using a synthetic dataset to eliminate potential biases 202 
arising from the field dataset and to exert full control over the NN performance through the 203 
known subsurface model that generated the training data. The reference output was represented 204 
by a binary indicator (1,0) labelling each sample as either reflection or no reflection, 205 
respectively. The first prediction output is given as a probability set, where each point is 206 
associated with a probability value indicating its likelihood of belonging to a reflecting surface. 207 
Then, to obtain the binary indicator we set a threshold. The optimum threshold is estimated by 208 
evaluating the number of points classified as reflectors at various threshold values, and selecting 209 
the sharp inflection point visible in the resulting curve. This method minimizes the subjectivity 210 
of the choice and is applied as a constant on all data.  211 
 Since we are working with a 1-D methodology, to reduce the noise effect we trained the 212 
NN to predict the whole wave package and not only its maximum phase, as performed in 213 
Roncoroni et al., 2022a. To mitigate the uncertainty in predictions, an ensemble learning strategy 214 
was employed. This strategy leverages multiple learning algorithms to achieve improved 215 
predictive outcomes (Mendes-Moreira et al., 2009). This methodology resulted in two separate 216 
predictions, which were then combined using their geometric mean, as it provided better results 217 
compared to the arithmetic mean. This can be attributed to the nature of the prediction, where 218 
probabilities in the range [0-1] are being predicted. 219 
 220 
2.2 LPR attributes analysis 221 
 Attribute analysis is a technique used to extract features and information from GPR data 222 
to support interpretation and data analysis and at first exploited for reflection seismic data 223 
(Chopra and Marfurt, 2007). In this paper we used several attributes to get a more detailed and 224 
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constrained LPR interpretation and to verify and validate the results obtained with the automated 225 
horizon extraction. In particular, we calculated: 226 
• Cosine of the instantaneous phase (Chopra et Marfurt, 2007) (a.k.a. cosine of phase): it is a 227 

complex and amplitude independent attribute that clearly displays bedding (Fig. S16). 228 
• Dominant Frequency (Chopra et Marfurt, 2007) it is a complex attribute, commonly used for 229 

highlighting specific events, such as abnormal attenuation and thin bed tuning (Fig. S18, 230 
S19, S20). 231 

• Sweetness (Oliveros et al., 1997): It is an attribute computed by dividing the trace envelope 232 
by the square root of the instantaneous frequency (Fig. S17, S19, S20). It is able to 233 
characterize and emphasize differences between various facies. 234 

 235 

3 Results 236 

 237 

3.1 Topography and DTM analysis of the landing site  238 

The topography of the terrain where the rover landed is dominated by sub-parallel ejecta 239 
rays interpreted to originate mainly from the Finsen crater (Fig. Sup. S3). This is reflected in the 240 
distribution of alternating ~400–500 m wide topographic low and high zones, occasionally 241 
connected by lower-lying bridging material (Fig. 1, Fig. Sup. S5). The rover has landed on a 242 
relatively high zone and the first 400 m of the path covered these ejecta-rich strata. The path then 243 
continues across a lower zone ~500 m wide that is followed by another high zone ~1,000–1,400 244 
m along the path (Fig. 1). The final ~100 m of the path, undisclosed until now, are placed 245 
towards another low zone. This topography plays essential role in ejecta distribution, but earlier 246 
studies have not considered it. 247 

 248 

3.2. LPR profile interpretation and stratigraphy 249 

We describe different stratigraphic units interpreted by exploiting LPR data of the ~1,440 250 
m long rover path, focusing on the first ~50 m depth. The rover path is presented in Fig. 1 (the 251 
landing site is marked by the red dot), and the radar profile in Fig. 2 (the landing site is on the 252 
left side). In discussing the results, we outline the general stratigraphic units as obtained by 253 
automated Neural Network extraction integrated by radar attributes evaluation (see Methods). 254 
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 255 

Figure 2. LPR total interpreted LPR dataset in amplitude (a, a') and automated Deep 256 
Learning horizons extraction (b, b'). Light red dots represent localized scatterers, while 257 
continuous, dashed and dotted lines follow the main recognized reflectors. 258 

The new Deep Learning horizon extraction (Fig. 2b) interpreted some reflectors which 259 
are almost continuous along the entire profile, as well as other horizons present only in specific 260 
locations. By integrating the reflector probability (Fig. 2b) with the reflection amplitude (Fig. 2a) 261 
and integrated attribute analyses (Fig. 3; Fig. S15-S20) we can interpret single horizons and both 262 
their spatial correlation and facies: similar colours represent the same stratigraphic level along 263 
the radar profile (Fig. 2b, c; Fig. 3). 264 



265 

266 
267 

268 

269 
270 
271 

F
sweetnes

 
M

units (U1
below (F

igure 3. LPR
ss (b, b'). 

Moreover, we
1–U4) on the
Fig. 4). 

J

R total interp

e interpreted
e basis of the

Journal of Ge

preted LPR d

d beneath the
eir EM signa

eophysical R

 

dataset: smo

e entire rover
ature, geome

Research: Pla

othed domin

r path differ
etry and relat

anets 

 
nant frequen

rent electrom
ative location

ncy (a, a'); 

magnetic (EM
n, as detailed

M) 
d 



Journal of Geophysical Research: Planets 

 

U1 has a low overall reflectivity without clear and coherent high amplitude reflections. 272 
This unit can be observed from the topographic surface down to an almost constant depth of ~12 273 
m, seen from the landing site position to a distance of 275 m, decreasing down to as low as 6 m 274 
at a distance of 380 m and then approaching 15 m between 500 and 950 m (Fig. 4). Its thickness 275 
is again lower (5–10m) until 1,350 m then increases again at the end of the profile. Within U1 we 276 
imaged two new types of structures, namely: several (at least 20) with a concave shape, while 277 
several others are local sub-horizontal reflectors. None of these features have been previously 278 
reported, probably because they have an overall low signal amplitude, but appear very clear 279 
when phase or other composite attributes like sweetness (see Methods) are considered (Fig. 3, 280 
S17). The concave structures appear close to the surface and have a mean width equal to 16.4 m 281 
(maximum 23.2 m; minimum 8.3 m) and some of them are partially overlapping. We interpret all 282 
those structures as filled craters produced by either small meteorites or, most likely, as secondary 283 
craters that are very frequent in this area. Some of these craters appear concealed at the top with 284 
quite discontinuous but still recognizable sub-horizontal reflector. In addition to these reflectors, 285 
some other deeper and significantly longer ones have been imaged within U1 and specifically 286 
between 450 and 780 m. They show a maximum (apparent) equal to 6° between 450 and 500 m 287 
where they lie over dipping layers of U2. The maximum lateral extension of a single reflector 288 
reaches 70 m, demonstrating that the regolith is not entirely chaotic but, at least locally, layered 289 
and showing stratification that follows the former (i.e. deeper) morphology. 290 

Stronger reflectors are beneath ~12 m depth from the beginning of the profile, including 291 
discrete horizontal and slightly dipping reflectors down to a depth of ~30 m. These layered zones 292 
can be classified into two separate stratigraphic units based on their amplitude, signature and 293 
lateral continuity (Fig. S16-S18): the top one (U2) that is ~8–10 m thick and entails two roughly 294 
equally thick layers (green in Fig. 2 and 4), and the slightly thicker beneath (~12 m, U3) that 295 
contains up to three layers (orange to red in Fig. 2, light blue in Fig. 4). 296 

U2 is present in the first 480 m of the profile and from ~950 to 1350 m, while U3 can be 297 
observed throughout the profile. At a depth of ~30 m, a strong reflector appears (with local lower 298 
reflectivity) with significantly different characteristics from those of the facies above (see e.g. 299 
Fig. S18), and persists laterally throughout the observed profile (U4 in Fig. 4). Actual 300 
stratigraphic structure is also determined by the excavated local materials mixed with that ejecta 301 
and reworked by multiple impacts. The final stratigraphic layers rather reflect the mixture of the 302 
primary ejecta and the excavated local materials (i.e., ejecta deposits) (Xu et al., 2021) and the 303 
thicknesses of the U1–U4 layers described here are broadly in agreement with previously 304 
interpreted thicknesses. In this regard, the U1 has been interpreted as fine-grained regolith (e.g. 305 
,Lai et al., 2020; Chen et al., 2022; Zhang et al., 2021) dominated by Finsen ejecta which was 306 
then reworked, mixed and overturned by numerous impacts but compositionally it is very similar 307 
to the ejecta itself (Dong et al., 2021; Lin et al., 2020; Guo et al., 2021). In addition to several 308 
low amplitude interfering events made clear by phase analysis (see e.g. Figs.S16), there are some 309 
localized scatterers having different amplitudes, alternatively interpreted as decimeter-sized 310 
boulders ejected during the formation of Finsen crater, including an unknown fraction of local 311 
rocks (Chen et al., 2022), or as broken pieces of glass-bearing breccia projectiles excavated from 312 
pre-existing small craters on the lunar far side (Lin et al., 2020). Some authors further divide U1 313 
into two sub-units: the topmost is more homogeneous with weaker amplitude because the surface 314 
materials have undergone a longer weathering period, while the lower portion has a high overall 315 
reflectivity interpreted as a less weathered material (Zhang et al., 2021). This division is not 316 
apparent in our analysis, even if the shallower part of U1 seems to have higher numbers of 317 
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In general, the observed stratigraphy is quite in agreement with strata described earlier 339 
(Xu et al., 2021; Zhang et al., 2021; Lai et al.,2021), while notable discrepancies and new 340 
imaged structures will be discussed especially regarding U1, U2 and paleo craters and related 341 
structures C1 to C4. 342 

4 Discussion 343 

The landing site of Chang’E-4 shows a morphology with alternating topographic lows 344 
and highs reflecting Finsen ejecta rays, which are transected by the Yutu-2 rover (Fig. 1, 5 + 345 
supplementary). In particular, based on a fine-scale DTM map we detected four crater shapes 346 
(C1 to C4 in Fig. 1 and 5) crossed or very close to the rover path.  Crater C1 is buried just below 347 
the regolith and developed within U2. It was first interpreted by Zhou et al., 2021 and then 348 
confirmed by several other authors. We estimated its maximal excavation depth (d) as a function 349 
of the crater diameter (D) using the relation d=0. 084D (Melosh, 1989; Warner et al., 2017) (Fig. 350 
4). The obtained result of 8.8 m, being D=105 m, is in very good agreement with the interpreted 351 
paleo crater which extends to a maximum depth based on the LPR data of 8.0 m. If we consider 352 
the entire zone in which the layering is absent as the crater diameter, having an extension at its 353 
top of about 125 m, an excavation depth of 10.5 m is obtained: it matches the vertical extension 354 
in which the layers are absent i.e., from the white dashed line (top of the crater filling materials) 355 
down to the red dashed line (Fig. 2). 356 

The same analysis was performed on C3 and C4. C3 has a diameter equal to about 142 m 357 
and an estimated excavation depth from LPR data of 12.4 m while C4 has a similar width and a 358 
depth of just 6 m. By applying the previously reported relation, we obtain a d value equal to 11.9 359 
m which is in good agreement with C3 while it is not with C4 possible because this latter crater 360 
was modified after the main impact, as suggested also by its very irregular shape. 361 

A similar analysis performed on the 20 shallow craters (some of them being coalescent), 362 
(Fig. 2) gives a mean diameter of 16.4 m and a consequent excavation depth of 1.4 m; also, in 363 
this case, it is quite similar to the one imaged by the LPR data, which values range from 0.9 to 364 
2.4 m. The similar size and their close and regular spatial distribution suggest they were created 365 
as secondary craters. 366 

A peculiar structure is labelled as C2’ in Fig. 4. It lies on the top of U2 and is apparent 367 
between 360-460 m on the profile. In this portion LPR path crosses the rim of crater C2 whose 368 
center is to the south of the profile. C2 is an elliptical crater evident of the surface; it is ~145 m 369 
(North-South) by ~195 m (East-West) wide. 370 

This smaller (max wideness in NW-SE direction equal to about 115 m) and younger 371 
crater (Fig. 6) superimposed on main crater C2 rim (estimated to be younger than 100 Ma, REF) 372 
appears quite fresh. In particular, it is apparent when considering the surface azimuth (Fig. 6c), 373 
even if the surface slope is smooth (Fig. 6d). Indeed, from the satellite imagery (Fig. 6a) this 374 
structure is not recognizable. 375 

Very high reflectivity and reflection continuity of the LPR horizon (light green in Fig. 2) 376 
imply that it entails, at least partially, possible impact melt that was created on the rim of C2. 377 

Deep Learning driven interpretation of the LPR data, linked with integrated attribute 378 
analysis and satellite imagery, can extract the stratigraphic horizons, correlate them spatially and 379 
group their main units, instead of obtaining by a more subjective manual line drawing. While the 380 
overall structure revealed by this method agrees reasonably well with previous observations 381 
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All available studies consider a homogeneous regolith without clear internal reflectors, 406 
only with local high amplitude scatterers with the exception of Feng et al., 2023 which did not 407 
directly recognize layering within the regolith but evidenced lateral and vertical macro electrical 408 
permittivity changes within it, on the base of an algorithm for permittivity estimation exploiting 409 
a new approach for diffraction hyperbolas fitting, limited to the shallower 150 ns (i.e. 12 m 410 
considering a constant EM velocity equal to 0.16 m/ns). In any case, their proposed model is 1-D 411 
and so, by definition, the obtained layers are perfectly parallel and horizontal. We here show not 412 
only that the layering is visible and clearly imaged on the radar profile but that it is slightly 413 
dipping and follows the deeper paleo-topography. This observation is an independent support 414 
toward the fact that the Finsen ejecta were deposited in alternating lows and highs which formed 415 
a paleo-topography of the terrain as early as ~3 Ga ago, or even earlier. The regolith layers were 416 
then deposited following this paleo-relief and were not entirely annihilated by the subsequent 417 
impacts. As layers do not show complete homogeneous mixing, it is expected that the Finsen 418 
ejecta would not completely mix with ejecta from previous craters and the layers dominated by 419 
previous ejecta may still exist; however the topmost layer is a mixture of dominantly Finsen 420 
ejecta with pre-materials, in agreement with geological mapping suggesting dominance of the 421 
Finsen ejecta in this entire portion of the VK crater, crossed by SW-NE ejecta rays from Finsen 422 
and dominated by characteristic orthopyroxene (LCP) (Huang et al., 2018), Fig. Sup. S3. 423 

In addition to regolith internal layering, for the first time at least 20 shallow buried craters 424 
have been detected directly on the LPR dataset. They are not apparent on the base of reflection 425 
amplitude (Fig. 7) suggesting, as expected, that the filling material is very similar to the 426 
surrounding one. However, using signal attributes and in particular phase attributes (Fig. 7) the 427 
lateral limit of such a crater is evident and can be quite easily laterally recognized even when the 428 
Deep Learning horizon extraction does not clearly recognize apparent structures. 429 

 430 
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The obtained results proved the importance of integrated analysis of Lunar data for 453 
subsurface assessment and structure identification, which are in turn crucial for possible 454 
resources evaluation. Further research will be addressed to the calculation of DL-based 455 
attributes. 456 
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