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1. Introduction
Ground penetrating radar (GPR) is a mature geophysical technique (Daniels, 2004) with a unique span 
of applications ranging from landmine detection (Feng et al., 2012; Giannakis et al., 2016) and concrete 
inspection (Giannakis et al., 2020; Wai-Lok Lai et al., 2018), to glaciology (Williams et al., 2014) and arche-
ology (Conyers, 2004). In planetary sciences, GPR has been applied both for satellite (Lauro et al., 2020) 
and in-situ measurements (Li et al., 2020), with promising results for mapping sub-glacial water bodies in 
Mars (Lauro et al., 2020), and for inferring the layered structure of the lunar regolith (Lai et al., 2020; Li 
et al., 2020; Zhang et al., 2020).

Subject to the application and the employed measurement configuration, various GPR processing and in-
terpretation techniques have been suggested over the years (Daniels, 2004). From typical signal processing 
(Cassidy, 2009; Li et al., 2015) linear Born approximations (Boero et al., 2018) and machine learning (Gi-
annakis et al., 2019) to full-waveform inversion (Meles et al., 2010). Within that context, hyperbola-fitting 
is considered one of the most mainstream techniques for the interpretation of common-offset GPR data 
(Mertens et al., 2016). The simplicity and computational efficiency of hyperbola-fitting make it an appealing 

Abstract The current paper investigates the shallow layers of the lunar regolith at the Chang’E-4 
landing site. Four layers between 0 and 10 m were identified using lunar penetrating radar. Based on these 
outputs, a revised stratigraphic model is suggested for the post-Imbrian ejecta at the Von Kármán crater. 
The layers were previously unseen due to the smooth boundaries between them. The revised model was 
inferred using an advanced hyperbola-fitting scheme. Applying conventional hyperbola-fitting to non-
homogeneous media results in errors and inaccuracies that are often wrongly assumed to be negligible. 
We propose a novel hyperbola-fitting scheme that is, not constrained to homogeneous media and can 
be applied subject to any arbitrary one-dimensional permittivity distribution. Via this approach, we can 
estimate the permittivity profile of an investigated area and detect layered structures that were previously 
transparent to electromagnetic waves due to the gradational dielectric properties at their interfaces.

Plain Language Summary The landing site of Chang’E-4 is at the Von Kármán (VK) crater 
at the South Pole-Aitken (SPA) basin. The SPA basin is the oldest and biggest basin on the Moon created 
at the early stages of its evolution by an impact that is, believed to have penetrated the lunar crust and 
uplifted materials from the top mantle. Understanding the geology and stratigraphy of the SPA basin 
can help us understand cratering processes and shed light on the evolution of the Moon. To that extent, 
ground penetrating radar (GPR) has been added to the payload of Yutu-2 to investigate the stratigraphy of 
the Chang’E-4 landing site. One drawback of GPR is that conventional processing methods fail to detect 
layers with smooth boundaries between them. Consequently, GPR data might give the false impression 
that an area is relatively homogenous, while in fact it might consist of numerous gradational layers 
representing a much more complex geological history. In the current paper, a novel interpretation tool is 
described, capable of detecting smooth transitions between layers. The proposed methodology revealed a 
previously unseen layered structure for the first ∼10 m of the VK crater.
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choice for mapping the dielectric properties of an investigated medium, and for estimating the coordinates 
of subsurface targets (Mertens et al., 2016).

Hyperbola-fitting has been used in both Chang’E-3 and Chang’E-4 missions (Dong, Feng, Zhao, et al., 2020; 
Dong, Feng, Zhou, et al., 2020; Fa, 2020; Lai et al., 2019; Li et al., 2020) for estimating the electric permit-
tivity of the lunar regolith and subsequently inferring its density and mineralogical composition (Dong, 
Feng, Zhou, et al., 2020; Li et al., 2020). Nonetheless, the underlying assumptions of hyperbola-fitting con-
strain its applicability, especially in complex environments where permittivity varies with depth. To mitigate 
that, conventional hyperbola-fitting is often complemented with the Dix conversion (Dix, 1955; Dong, Feng, 
Zhao, et al., 2020) in order to transform the estimated bulk velocity to actual velocity. Through a series of 
numerical examples presented in this paper, it is illustrated that the conventional approach (Dong, Feng, 
Zhao, et al., 2020) has limited applicability for the lunar regolith and should be used with caution. To that 
extent, we present a novel hyperbola-fitting that tackles this problem by simultaneously fitting multiple 
hyperbolas subject to any arbitrary 1D permittivity distribution.

The proposed scheme is applied to the lunar penetrating radar (LPR) data collected by the Yutu-2 rover 
during the first two lunar days of the Chang’E-4 mission at the Von Kármán (VK) crater (Li et al., 2020). 
Four distinct layers—that were previously not visible due to the smooth boundaries between them—were 
identified within the first 10 m. This outcome differs significantly from previous theories suggesting that the 
first 12 m of the landing site are fairly homogeneous, part of the weathered fine-grained regolith that lies 
on top of the ejecta from the Finsen crater (Zhang et al., 2020). Based on the revised permittivity profile and 
the available literature on the geology of the Chang’E-4 landing site, we suggest a new post-Imbrian strati-
graphic model for the VK crater, in which an approximately ∼3 m weathered fine-grained layer is followed 
by ∼8 m of ejecta from the VK L and L’ craters overlying the ejecta from the Finsen crater.

2. Methodology
2.1. Advanced Hyperbola-Fitting

In this section, a novel hyperbola-fitting framework is described, capable of dealing with half-spaces with 
arbitrary 1D relative permittivity distributions ( )y  (see Figure S1). A detailed description of conventional 
hyperbola fitting using the Dix convention is given in Text S1. Similar to typical hyperbola-fitting, in order to 
avoid non-uniqueness (Giannakis et al., 2019; Mertens et al., 2016), the proposed scheme assumes that the 
radius (R) of the investigated target equals zero. Subject to a varying velocity with depth, the two way travel 
time t that it takes for the wave to travel from the point 
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Given a specific velocity structure, the path ( )q m  can be calculated using Fermat's principle (Aldo, 1996). 
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 is used to denote the norm of the first derivative of the parametric curve ( )q m  with re-
spect to the parameter [0 1]m   . It is shown that if we simplify Equation 1 and make the assumption that 
the path ( )q m  is the straight line that connects the antenna to the center of the target, it leads to an elegant 
and computationally efficient formulation without compromising accuracy (more details are given in Sec-
tion 2.2). The straight line that connects the antenna to the target can be expressed via the parametric curve 
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The linear path of the integral in Equation  2 can be written as    
0( ) ,i i i iq m x m x x y m d y      , 

where ,i ix y  are the coordinates of the antenna at the ith position. Consequently, the y variable in Equation 2 
can be substituted by  i iy y m d y   , which implies that, for 0iy   (antenna placed at the surface) 

ym
d
   and that y d  for 1m  . Therefore, Equation 2 can be re-written as
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Solving the integral numerically yields
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where y is the discretization step and /Q d y . Notice that the summation term  0( , ) ( )Q
sN d s y y     

is independent of the position of the antenna and needs to be calculated just once. The final formulation for 
the proposed scheme is given by



0
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where the only unknowns are the relative permittivity function ( )y  and the depth of the target d. The pa-
rameter 0x  can be easily derived from the apex of the hyperbola at the measured B-Scan. Subject to a given 
( )y , the depth of the target is calculated using the apex of the hyperbola 0 0( , )x t , where 
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For a given ( )y , the only unknown in Equation 6 is the depth d that is, estimated numerically using the 
bisection method. Notice that both Equation 6 and the summation ( , )N d   in Equation 4 need to be evalu-
ated just once. The only term in Equation 5 that needs to be updated as the scan progresses is the distance  
B A- . To summarize, given a permittivity distribution ( )y  and the apex of a hyperbola 0 0( , )x t , the depth 

d of the target is estimated by numerically solving Equation 6 using the bisection method. Subsequently, 
( , )N d   is evaluated and furthermore used in Equation 5 to calculate the arrival times.

The proposed scheme utilizes numerous hyperbolas and tries to find the optimum ( )y  that simultaneous-
ly minimizes 1( )

min Z
i i iy

 t T= -


, where ni
i T   and ni

i t   represent the measured and predicted arrival 

times for the ith hyperbola, Z  is the total number of the employed hyperbolas and in  is the number of 

discretization points for the ith hyperbola. To further simplify the problem, the permittivity is discretized 
with K  equidistant points and subsequently a cubic interpolation is applied to map   with respect to y in 
a continuous manner. Therefore, the minimization is re-written as 1

( )
min Z

i i iKk k
 t T=
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-

 
 with only K  un-

knowns. This is a non-linear and non-convex problem that can be solved using global optimizers. A Particle 
Swarm Optimisation (PSO) (Kennedy & Eberhart, 1995), with 50 particles and uniform PSO parameters, 
was proven to be very efficient for reconstructing ( )y , given a sufficient number of measured hyperbolas. 
The number of equidistant points K  is estimated by plotting the Error-K  curve. This approach is based on 
the L-curve method (Hansen, 1992) that tries to balance accuracy and constraints. Within that context, we 
choose the K  value for which the solution balances accuracy and simplicity. In particular, the minimization 
is executed multiple times with increasing K  until the error starts to converge. The K  value is chosen at the 
earliest point of convergence. Greater K  values can potentially result (if a sufficient number of hyperbolas 
is not present) in unnecessary complicated permittivity structures without increasing the fitting accuracy.

2.2. Numerical Experiments

Two numerical 2D case studies (illustrated in Figure 1a) are used in this section to evaluate the performance 
of the proposed scheme. Both models are non-dispersive, non-conductive, and non-magnetic, with a var-
ying relative permittivity with respect to depth ( )y . In both scenarios, the relative permittivity varies with 
respect to depth and ranges from 2 to 10. Nine perfect electric conductors are distributed randomly within 
a 22 1 m  domain. The targets have a cylindrical shape with 5 cm diameter and their main axis is perpen-
dicular to the acquisition line. Measurements are taken every 2 cm along the x-axis using a line source with 
1 GHz central frequency. The offset between the transmitter and the receiver is 1 cm. The numerical simu-
lations were executed using gprMax (Warren et al., 2016, 2019), an open source electromagnetic solver that 
uses a second order (in both space and time) finite-difference time domain (FDTD) method (Yee, 1966). The 
spatial discretization step of the FDTD grid is   5x y  mm, and the time step t is calculated using the 
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Courant limit (Taflove & Hagness, 2000). The boundaries of the domain are truncated using the recursive 
integration perfectly matched layer (Giannopoulos, 2008). The gprMax input files used to generate both 
models are given in Texts S2 and S3.

The results are shown in Figure 1b where most of the hyperbolas (and their multiples) are clearly visible, 
as expected in this clutter-free environment. From Figure 1b, it is apparent that even in these clinical clut-
ter-free numerical experiments, the reflections from the layers are very weak and not visible in the meas-
ured radargrams. This is due to the smooth transition between the layers that can greatly decrease their 
reflection coefficient (Bano, 2006; Diamanti et al., 2014). This gives the false impression that a medium 
is homogeneous when in fact it can be as complex as the investigated case studies (see Figure 1a), with 
four clear and distinct layers. This is very important when interpreting radargrams from the lunar regolith, 
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Figure 1. (a) The investigated numerical experiments. Nine cylindrical targets are buried in two media with varying permittivity with respect to depth. 
Measurements are taken every 2 cm (from left to right) using a ground-coupled line source (white star) with 1 GHz central frequency. (b) Resulting B-Scans. 
It is evident that due to the smooth boundaries between the layers, no reflections are visible on the resulting radargrams. The shapes of the hyperbolas are the 
only features that can be used to infer the permittivity profile. (c) The resulting permittivity profile for the models shown in panel (a).
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where smooth transitions between layers are expected due to impact gardening and the reworking of the 
materials during crater formation (Ding et al., 2020). The term “impact gardening” used throughout the 
paper refers to the alteration of lunar surface due to the gradual gardening of lunar materials via small me-
teorite impacts (Horz et al., 1991; Pieters & Noble, 2016).

The proposed scheme and the typical hyperbola-fitting with Dix conversion (Dong, Feng, Zhao, et al., 2020) 
(see Text S1) were applied to the radargrams shown in Figure 1b. In both models, the proposed methodology 
outperforms conventional hyperbola-fitting, and manages to sufficiently estimate the permittivity profile 
and the underlying layered structure in an efficient manner (see Figure 1c). Small errors observed in Fig-
ure 1c can be due to: the linear-path simplification; manual picking of the hyperbolas (Ding et al., 2020); 
non-accurate time-zero correction (Yelf, 2004); and/or non-ideal targets that is, 0R  . From Figure 1c, it is 
apparent that conventional hyperbola fitting using the Dix conversion overestimates the resulting permittiv-
ity and fails to reconstruct complex velocity profiles despite the dense velocity sampling (nine hyperbolas) 
used in the numerical case studies.

Typical hyperbola fitting using the Dix conversion (see Text S1) is based on the assumption that the inves-
tigated medium consists of homogeneous horizontal layers (Dix, 1955). The number of layers equals the 
number of apparent velocities used in the conversion. For example, if five hyperbolas are used, then the 
underlying assumption is that the investigated medium consists of five homogeneous layers. In the pres-
ence of numerous layers or smooth variations of velocity, the Dix conversion requires a large number of 
hyperbolas in order to accurately reconstruct the 1D velocity profile. The proposed methodology overcomes 
this limitation by assuming a smooth velocity profile. The latter is independent to the number of hyperbolas 
used. The resulting model using our approach is the optimized 1D velocity profile that satisfies the meas-
ured hyperbolas.

2.3. Results From Chang’E-4 Channel 2 Data

The proposed methodology is applied to the high frequency data collected by the Yutu-2 rover at the VK 
crater during the first two lunar days of the Chang’E-4 mission (Li et al., 2020). During the first two lunar 
days, the rover followed an irregular path and managed to cover ∼106 m (Li et al., 2020). The current paper 
focuses on the first 150 ns of the scan in order to effectively map the shallow layers (∼10–12 m) of the rego-
lith. Based on the results, a revised stratigraphy for the VK crater is proposed (in the next chapter) that takes 
into account a previously unseen layered structure within the first ∼10 m of lunar regolith.

The radargram was processed using a typical GPR processing pipeline that involves zero-time correction, 
dewow, time-gain (exponential gain), and background removal (Cassidy, 2009). The resulting B-Scan for the 
first 150 ns is illustrated in Figure 2 (Li et al., 2020). The overall signal to clutter ratio is substantially higher 
compared to Chang’E-3 mission (Lai et al., 2019; Li et al., 2020) (potentially due to lack of ilmenite) which 
results in clear hyperbolic features that can be utilized to deduce the shallow layered structure at the first 
10–12 m of the landing site.

Figure 2a illustrates the resulting relative permittivity profile using the proposed advanced hyperbola-fit-
ting, subject to the hyperbolas shown in Figure 2b. It is evident that there is a layered structure with four 
layers in the first 10 m of the regolith. The first and the third layers have low permittivity values while the 
second and the fourth layers have permittivity up to 10  (see Figure 2a). Typical lunar soils have low 
permittivity values although there are reported high-density lunar samples with relative permittivity up to 

10  (Chung et al., 1970; Olhoeft & Strangway, 1975). To further evaluate the validity of these results a 
sensitivity analysis is presented in Figures S3 and S4 where it is shown that the permittivity value for the low 
permittivity layers can range between 1.7 2.3   without compromising accuracy. For the high permit-
tivity layers, there is an optimisation plateau at 8 10   where there is no significant error improvement.

We would like to highlight that current knowledge regarding the permittivity of lunar soils is based pri-
marily on shallow samples brought back to Earth during the Apollo missions. Superficial lunar samples 
are not representative of deeper layers since they are exposed to impact gardening. The latter, results in an 
increased porosity (Horz et al., 1991) and vitrification (Nash & Conel, 1973). Increased porosity decreas-
es the overall permittivity of multi-phase media (Dobson et al., 1985; Hallikainen et al., 1985; Peplinski 
et al., 1995), which results in a well-known causal relationship between permittivity and density (Chung 
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Figure 2. (a) The resulting relative permittivity profile ( )y  at the landing site of Chang’E-4 mission using the advanced hyperbola fitting. The coordinates 
of the investigated targets are illustrated with red dots. (b) The fitted hyperbolas subject to the permittivity profile shown in panel (a). More details regarding 
the fitted hyperbolas can be found in Figure S6. (c) The proposed stratigraphy model for the Chang’E-4 landing site. The first ∼6 m consists of a top weathered 
layer overlaying the ejecta from VK L crater. Below that, is a low permittivity layer that corresponds to the weathered ejecta of the VK L’ crater. The VK L’ 
ejecta extends to ∼12 m depth, where the Finsen and Alder ejecta lay on top of the Imbrian basaltic layer. Dates are based on Lu et al. (2021) and the chemical 
composition on Huang et al. (2018).
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et al., 1970; Olhoeft & Strangway, 1975). In addition, vitrification transforms lunar materials to glassy frag-
ments that have lower permittivity values compared to typical lunar minerals (pyroxenes, plagioclase, oli-
vine, ilmenite etc.) (Campbell & Ulrichs, 1969). The lunar regolith is, therefore, a low permittivity medium, 
established through laboratory (Carrier et al., 1991), satellite (Bhattacharya et al., 2015; Gong et al., 2015), 
and in-situ measurements (Dong et al., 2021). The semi-empirical models tuned for lunar soils are primarily 
based on shallow regolith samples (Carrier et al., 1991; Chung et al., 1970; Frisillo et al., 1975; Shkuratov & 
Bondarenko, 2001). The latter are affected by impact gardening making them unreliable for estimating the 
dielectric properties of deeper ejecta. Estimation of the dielectric properties of deeper layers is still an ongo-
ing research area that is, primarily based on LPR measurements and typical hyperbola-fitting (Dong, Feng, 
Zhao, et al., 2020). An indirect method to infer the permittivity is using the Complex Refractive Index Model 
(CRIM) which is a mainstream formula for computing the bulk permittivity of multi-phase media (Birchak 
et al., 1974) based on the permittivity of their components. Typical minerals in lunar soils are pyroxene, 
plagioclase, olivine and ilmenite (Zongcheng et al., 2015). The relative electric permittivity of plagioclase 
is 6.5pl   (Zheng et al., 2005). The relative permittivity of pyroxene varies from 7 10py    (Campbell 
& Ulrichs, 1969; Zheng et al., 2005), in particular for augite and for pyroxenes in anorthosites the relative 
permittivity can be as high as 11py   (Zheng et al., 2005). The relative permittivity of olivine is 8ol   
(Zheng et al., 2005) and for ilmenite 50il   (Zheng et al., 2005). Using CRIM, it can be proven, that some 
realistic mineralogical composition can give rise to high permittivity values for example, 10airV  %, 8ilV 
%, 40plV  %, 42pyV  %. The aforementioned soil sample has bulk relative permittivity (estimated using 
CRIM) 9 . High relative permittivity values as high as 8.9  have also been calculated via hyperbola 
fitting at Chang’E-3 landing site (Lai et al., 2016).

3. Stratigraphy of the Landing Site
3.1. Geological Background

The Chinese lunar probe Chang’E-4, carrying the Yutu-2 rover, was the first human-made object that land-
ed on the far-side of the Moon on 3rd of January 2019 (Li et  al.,  2019; Tang et  al.,  2020). The landing 
site is located at the South Pole-Aitkens (SPA) basin—the oldest and biggest crater on the Moon (Huang 
et al., 2018; Hu et al., 2019; James et al., 2019). The SPA basin is pre-Nectarian in age and has an ellip-
tical shape (Garrick-Bethell & Zuber, 2009) with an approximate diameter of 2,100–2,500 km (Moriarty 
et al., 2013). The transient cavity of the SPA basin has been estimated between 840 and 1,400 km (Moriarty 
et al., 2013; Potter et al., 2012). The maximum excavation depth of lunar craters with a diameter below 
<10 km is approximately 10 % of their diameter (Stopar et al., 2017). There is an ongoing debate whether 
or not this ratio holds true for larger craters (Potter et al., 2012; Wieczorek & Phillips, 1999). Simulations 
suggest that this ratio can be extrapolated for craters with diameter up to 1,100 km (Potter et al., 2012) while 
gravity measurements indicate that this ratio decreases for craters with diameter >500 km (Wieczorek & 
Phillips, 1999). The above, suggest that the SPA basin might have excavated through lunar crust and into 
the mantle (Hammond et al., 2009; Hurwitz & Kring, 2014; Melosh et al., 2017; Moriarty et al., 2013, 2021; 
Uemoto et al., 2017; Vaughan & Head, 2014). This premise is based on the maximum depth of lunar crust 
∼60 km (∼45 km on the far-side [Moriarty et al., 2021]), as estimated by the Gravity Recovery and Interior 
Laboratory mission (Wieczorek et al., 2013), which is in good agreement with seismic data from the Apollo 
missions (Khan, 2002). The shallow mantle layer was most likely melted during the impact (Hurwitz & 
Kring, 2014; Melosh et al., 2017; Moriarty et al., 2013, 2021; Potter et al., 2012; Vaughan & Head, 2014) and 
parts of it are expected to occur within the SPA basin, forming an underlying sheet of non-crustal materials 
(Moriarty et al., 2013, 2021; Potter et al., 2012). These materials are of paramount importance since they can 
constrain the composition of the upper mantle and provide an insight into the early evolution of the Moon 
(Moriarty et al., 2013; Yamamoto et al., 2010).

Based on previous models of lunar evolution—that suggest an upper mantle predominantly composed 
of olivine (Charlier et  al.,  2018; Y. Lin et  al.,  2017; Moriarty et  al.,  2021; Snyder et  al.,  1992; Yamamo-
to et  al.,  2010)—strong spectral signatures of olivine were expected to be present within SPA (Ivanov 
et al., 2018; Lucey, 2004; Moriarty et al., 2021). Nonetheless, data from CLEMENTINE and SELENE did not 
support this premise (Lemelin et al., 2019; Matsunaga et al., 2008; Tompkins & Pieters, 1999; Yamamoto 
et al., 2010), apart from small occurrences of olivine clusters (Lemelin et al., 2019; Yamamoto et al., 2010) 
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most likely originated from crustal materials, due to their location (the exterior of the SPA) and the high 
content of feldspar in their near proximity (Moriarty & Pieters, 2018). Remote sensing data from the peak 
of craters indicate that SPA is dominated by mg-rich orthopyroxene (Moriarty & Pieters, 2018; Nakamura 
et  al.,  2009). Many different theories have been proposed to explain the unexpected lack of olivine and 
the abundance of pyroxene (Ivanov et al., 2018). Low olivine content supports the premise that SPA did 
not penetrate through the crust (Lucey, 2004) due to an oblique impact (Garrick-Bethell & Zuber, 2009; 
Schultz & Crawford, 2011). Lack of olivine can also be explained by a pyroxene-rich composition of the 
upper mantle (Kuskov O.L., 2015; Melosh et al., 2017). Moreover, the large impact that created SPA could 
potentially cause large lava bodies that undergo fractional crystallization which can lead to the separation 
and sinking of olivine and the accumulation of pyroxene at the top (Hurwitz & Kring, 2014; Vaughan & 
Head, 2014). The SPA is dominated by mafic materials and in particular by Mg-rich and low-Ca pyroxene 
(Huang et al., 2018; Moriarty & Pieters, 2015, 2018; Nakamura et al., 2009). CLEMENTINE measurements 
reveal an inner zone with Fe abundance and an outer zone with lower Fe content (Jolliff et al., 2000; Lucey 
et al., 1998; Moriarty & Pieters, 2018). Furthermore, using data from the Moon Minerology Mapper ( 3M ), 
Moriarty and Pieters (2018) have divided the SPA into four zones. The first zone is the inner SPA area called 
SPACA, with characteristic Ca-pyroxene abundance that lies at the center of the SPA. The second zone sur-
rounds SPACA, and it is an area with Mg-rich pyroxenes. Based on spectral analysis of the central peaks of 
the craters within SPACA, strong indications were given to support the premise that SPACA lies on top of 
the Mg-rich area (Moriarty & Pieters, 2015, 2018). The third zone is a heterogeneous annulus that consists 
of pyroxene and feldspar, and acts as the intermediate stage between the SPA and its exterior. The latter 
is the fourth zone, a mafic-free area with high content of feldspar, similar to lunar highlands (Moriarty & 
Pieters, 2015, 2018).

The landing site of Chang’E-4 is within the Mg-rich annulus (Moriarty & Pieters, 2018) and in particular in 
the interior of the VK crater (177.588°E, 45.4578°S, see Figure S5) (Di et al., 2019; Li, 2021; Li et al., 2020; 
Qiao et al., 2019; Zhang et al., 2020). VK is an elliptical crater (Zhang et al., 2020) with approximately ∼186 
km diameter (Guo et al., 2021; Huang et al., 2018). The age of VK was estimated pre-Nectarian (Huang 
et al., 2018; Losiak et al., 2009) and recent studies have placed it at ∼4.2 Ga (Lu et al., 2021), very close 
to the formation of SPA (Garrick-Bethell & Miljković, 2018; Hiesinger et al.,  2012; Lu et al.,  2021). The 
creation of Leibnitz crater affected the north part of VK and contributed to the ejecta layer prior to the 
Imbrian basaltic flood (Huang et al., 2018; Yingst et al., 2017). Ejecta from Alder crater (widely accepted as 
an Imbrian crater (Losiak et al., 2009) and recently dated at ∼3.5 Ga [Lu et al., 2021]) are also expected to 
the pre-basaltic layers (Huang et al., 2018; Lu et al., 2021). The VK crater was flooded with basalts during 
the Imbrian period (Huang et al., 2018; Paskert et al., 2018) around ∼3.2–3.3 Ga (Haruyama et al., 2009; Lu 
et al., 2021). The ejecta from Finsen crater are expected to have contributed to the post-Imbrian VK layers 
(Huang et al., 2018). Finsen is an Eratosthenian crater (Losiak et al., 2009; Wilhelms & McCauley, 1987) and 
its ejecta and floor are dated at ∼3.1 and 3 Ga respectively (Lu et al., 2021). Recent studies suggest that Ori-
entale crater might have added to the post-Imbrian VK layers as well (Xiao et al., 2021). Subsequently, the 
Eratosthenian craters VK L and L’ were formed (Paskert et al., 2018; Zhang et al., 2020). The VK, Leibnitz, 
Alder, VK L, and L’ lie within the Mg-pyroxene annulus while Finsen is within the SPACA region (Moriarty 
& Pieters, 2018).

Geological context suggests that the craters VK L, L’, Finsen and Orientale have contributed to most of the 
post-Imbrian ejecta layers of the VK crater (Huang et al., 2018; Di et al., 2019; Paskert et al., 2018; Xiao 
et al., 2021). The thickness of the Finsen ejecta at the area of the Chang’E-4 landing site is estimated—via 
numerical simulations (Di et al., 2019)—at ∼30 m. This is not in good agreement with the results obtained 
using dark-halo and non-dark halo craters (Guo et al., 2021; Li et al., 2020) that suggest a thicker post-ba-
saltic layer, probably due to the presence of Orientale ejecta (Xiao et al., 2021). Nonetheless, contradicting 
data (Yue et al., 2020) place the date of Orientale to be older than the Imbrian basaltic flood, which implies 
that there might be another source that contributed to the post-basaltic VK layers, probably additional ejecta 
from the Eratosthenian craters (VK L and L’) at the rim of VK (Paskert et al., 2018).

The surface of the landing site is smooth with a small number of boulders (Ding et  al.,  2020; Weiren 
et al., 2019), most of them being glassy fragments and breccias from secondary craters (H. Lin et al., 2020). 
From in situ reflectance data, the visible surface at the landing site is not olivine-pyroxene rich and consists 
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of 56%–72% plagioclase, similar to lunar highlands (Hu et al., 2019; Li et al., 2019) with Mg-rich orthopy-
roxene (Gou et al., 2020; Huang et al., 2018). The thickness of the regolith (weathered top soil) is estimated 
using LROC NAC images at ∼2.5–7.5 m (Huang et al., 2018) using the technique described by (Quaide Wil-
liam & Oberbeck, 1968). Based on the 3M  reflectance data, it is estimated that below the top weathered soil, 
lays a low-calcium pyroxene (LCP) layer (Gou et al., 2019; Li et al., 2019) ranging from ∼8–13 m followed by 
a high-calcium pyroxene (HCP) layer from ∼13–53 m (Huang et al., 2018).

3.2. Previous Studies Using LPR Data

Further insights on the ejecta at the VK crater are provided by the LPR mounted to the Yutu-2 rover of the 
Chang’E-4 mission (Li et al., 2020). The first attempt to examine the lunar surface with in-situ LPR equip-
ment occurred during the Chang’E-3 mission on the near side of the moon (Ding et al., 2020; Fa et al., 2015; 
Lai et al., 2019; Yuan et al., 2017). Similar antenna configurations were employed for both Chang’E-3 and 
Chang’E-4 missions (Li et al., 2020). In particular, two antennas with 500 MHz central frequency (at the bot-
tom of the rover), and one low frequency antenna (mounted at the back of the rover) with 60 MHz central 
frequency (Li et al., 2020). The low frequency antenna from the Chang’E-4 mission gave thin indications of 
four different lava flows that probably occurred during the Imbrian period (Lai et al., 2020). Unfortunately, 
the low frequency data in both missions suffer from ringing noise due to the coupling between the antenna 
and the rover, which resulted in erroneous reflections and noisy data (Li et al., 2018; Zhang et al., 2020). In 
contrast to the Chang’E-3 landing site (Lai et al., 2019), in the VK crater, the ilmenite content is fairly low, 
making the ejecta layers transparent to LPR (Dong, Feng, Zhao, et al., 2020). This resulted in good quality 
data that clearly demonstrated a complex layered structure for the first 50 m of the VK crater (Li et al., 2020; 
Zhang et al., 2020). In addition, using a conventional hyperbola-fitting (assuming a homogeneous medium) 
with Dix conversion, the electric permittivity of the ejecta layers was estimated, and furthermore used to 
infer the mineralogical (Fe and Ti content) (Li et al., 2020) and the mechanical (density) properties of the 
lunar regolith (Dong, Feng, Zhao, et al., 2020; Dong, Feng, Zhou, et al., 2020), based on semi-empirical 
formulas fine-tuned for lunar soils (Carrier et al., 1991; Hickson et al., 2018; Olhoeft & Strangway, 1975). 
The relative electric permittivity at the landing site monotonically increases from ∼3 6  with respect to 
depth, as estimated using typical hyperbola fitting (Dong, Feng, Zhao, et al., 2020). This corresponds to a 
density that starts from ∼ 31 /gr cm  at the surface and reaches 32.5 /gr cm  at 50 m depth (Dong, Feng, Zhao, 
et al., 2020).

3.3. Revised Stratigraphic Column Using Advanced Hyperbola Fitting

The suggested stratigraphy model is based on the LPR results shown in Figure 2a and the following premises:

1.  Finsen, VK L and L’ craters are the predominant sources of the post-Imbrian ejecta in the VK crater 
(Huang et al., 2018; Paskert et al., 2018; Zhang et al., 2020).

2.  Finsen crater was developed before VK L and L’ craters (Huang et al., 2018; Zhang et al., 2020).
3.  Finsen ejecta at the landing site are estimated via numerical simulations at ∼30 m (Di et al., 2019).
4.  The thickness of the weathered top soil was calculated at ∼2.5 7.5  m (Huang et al., 2018) using the 

geometrical method described in (Quaide William & Oberbeck, 1968). This is consistent with the average 
regolith growth rate (∼1.5 m/Ga) from ∼3.5 Ga to the present day (Gou et al., 2021; Horz et al., 1991; 
Oberbeck & Quaide, 1968; Quaide & Oberbeck, 1975).

5.  Below the weathered top soil there is an LCP layer down to ∼13 m (Gou et al., 2019; Huang et al., 2018; 
Li et al., 2019).

6.  Below the LCP layer there is a thick layer (>30 m) with high HCP/LCP ratio (Huang et al., 2018).
7.  Finsen crater is within the SPACA region and therefore it is expected that its excavated materials have an 

increased HCP/LCP ratio (Moriarty & Pieters, 2018).
8.  The ejecta materials from VK L and L’ craters have low HCP/LCP ratio (Huang et al., 2018; Hu et al., 2019; 

Ling et al., 2019).
9.  There is a clear sharp boundary observed on LPR data (Dong, Feng, Zhou, et al., 2020; Li et al., 2020; 

Zhang et al., 2020) at ∼13 m, most-likely between the LCP and the HCP layer.
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The proposed stratigraphy model suggests that the HCP layer overlying the Imbrian basalts is the ejecta 
from the Finsen crater (Huang et al., 2018); and maybe Orientale crater too (Xiao et al., 2021). This premise 
is consistent both with the size of this layer (as predicted by numerical simulations [Di et al., 2019]) and 
with the chemical composition of the Finsen crater (Moriarty & Pieters, 2018; Moriarty et al., 2011). On top 
of the Finsen ejecta, it is expected to encounter ejecta from Eratosthenian post-Finsen craters. A homogene-
ous weathered layer with 12 m depth as suggested by Zhang et al. (2020) is not consistent with LROC NAC 
images that points to a ∼2.5–7.5 m regolith (Huang et al., 2018) and by the layered structure revealed by 
the proposed hyperbola-fitting scheme (see Figure 2a). In addition, a 12–13 m regolith indicates a regolith 
growth rate of ∼3–4 m/Ga which is twice as fast compared to the growth rate expected from ∼3.5 Ga to the 
present day (Gou et al., 2021; Horz et al., 1991; Oberbeck & Quaide, 1968; Quaide & Oberbeck, 1975). In 
general, the average regolith depth in mare areas is expected to be around ∼4–5 m while a ∼10–15 m rego-
lith is more common in old lunar highlands (McKay et al., 1991).

We propose that the top ∼10–12 m of the landing site consists of ejecta from the VK L and L’ craters. This is 
in good agreement with the LCP content of the VK L and L’ craters (Huang et al., 2018; Hu et al., 2019; Ling 
et al., 2019) and with the layered structure illustrated in Figure 2a. The suggested stratigraphic model of the 
post-basaltic flood ejecta of VK crater is shown in Figure 2c. The ejecta of VK L’ (≈5.5 m) were deposited 
on top of the Finsen ejecta at early Eratosthenian. Impact gardening degraded the first ∼1.5 m of the ejecta 
decreasing its density (Horz et al., 1991) and consequently its electric permittivity (due to the causal rela-
tionship between permittivity and density [Chung et al., 1970; Olhoeft & Strangway, 1975]). The width of 
the VK L’ regolith is in good agreement with the literature which suggests that rapid gardening is expected 
at young ejecta, a phenomenon that has also been observed at the Chang’E-3 landing site (Fa et al., 2015; 
Gou et al., 2021). The ejecta from VK L is subsequently deposited on top of the weathered layer creating 
a top layer with ∼6 m width. The long gardening process, from early Eratosthenian till now, gave rise to a 
∼3 m of loose lunar soil with low electric permittivity as predicted by Figure 2a. This is in good agreement 
with the regolith thickness as estimated using LROC NAC images (Huang et al., 2018); and also with the 
average regolith growth rate (∼1.5 m/Ga) expected from ∼3.5 Ga to the present day (Gou et al., 2021; Horz 
et al., 1991; Oberbeck & Quaide, 1968; Quaide & Oberbeck, 1975).

4. Conclusions
A novel interpretation tool was described capable of estimating the permittivity profile of the shallow lunar 
surface using LPR. The validity and the superiority of the suggested scheme compared to typical hyperbo-
la-fitting was demonstrated via a set of numerical experiments that have clearly shown that the proposed 
scheme is capable of reconstructing complicated permittivity profiles using the shape of multiple hyperbo-
las as the only inputs. The proposed methodology is suitable for any arbitrary one-dimensional permittivity 
distribution, which makes it an appealing choice for inferring the dielectric properties of the lunar regolith. 
The advanced hyperbola-fitting was applied to the high frequency data collected during the first two lunar 
days of the Chang’E-4 mission. The resulting permittivity profile indicates a layered structure within the 
first 10 m of the regolith. These shallow layers are not visible in the measured radargram due to the smooth 
boundaries between them, making them undetectable using traditional signal processing approaches. It is 
argued that the multiple layers detected within the shallow lunar regolith can be the ejecta of the Eratosthe-
nian craters VK L and L’, laying on top of the late-Imbrian ejecta of Finsen crater.

Data Availability Statement
The images shown in Figure S5 are available from the Lunar Reconnaissance Orbiter's Wide Angle Camera. 
Image Credit: NASA, GSFC, Arizona State Univ. Lunar Reconnaissance Orbiter, available at: https://apod.
nasa.gov/apod/ap161230.html. The Chang’E-4 Lunar Penetrating Radar data are available from the Data 
Publishing and Information Service System of China Lunar Exploration Program at: http://moon.bao.ac.cn/
index_en.jsp, https://moon.bao.ac.cn/searchOrder_dataSearchData.search. The specific files used here are 
listed in Table  S1 and are as follows: CE4_GRAS_LPR-2B_SCI_N_20190104004000_20190109213900_00
01_A.2B; CE4_GRAS_LPR-2B_SCI_N_20190109213901_20190111150200_0002_A.2B; CE4_GRAS_LPR-
2B_SCI_N_20190111150201_20190112102100_0003_A.2B; CE4_GRAS_LPR-2B_SCI_N_20190131080301_

GIANNAKIS ET AL.

10.1029/2021GL092866

10 of 14

https://apod.nasa.gov/apod/ap161230.html
https://apod.nasa.gov/apod/ap161230.html
http://moon.bao.ac.cn/index%5Fen.jsp
http://moon.bao.ac.cn/index%5Fen.jsp
https://moon.bao.ac.cn/searchOrder%5FdataSearchData.search


Geophysical Research Letters
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20190209053101_20190209130800_0008_A.2B; CE4_GRAS_LPR-2B_SCI_N_20190209130801_2019021003
3400_0009_A.2B; CE4_GRAS_LPR-2B_SCI_N_20190210033401_20190211100800_0010_A.2B.
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