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Abstract

:

The Chinese Chang’E-5 probe landed in the Mons Rümker of Oceanus Procellarum on the near side of the Moon. The lunar regolith penetrating radar (LRPR) carried by the Chang’E-5 probe allows for the determination of in situ lunar regolith dielectric properties, which are probably related to the age and chemical composition of the regolith. In this paper, we analyze the Chang’E-5 LRPR data with the frequency shift method to estimate the loss tangent of the lunar regolith within a depth of ∼2.8 m. The loss tangent of the Chang’E-5 landing site is constrained to be 0.0148 ± 0.0016, which is substantially higher than that of the typical lunar regolith. The high loss tangent is found to be characteristic of the young basalt age (∼2.0 Ga) and high TiO   2  +FeO content (28.21 ± 1.57%) of the Chang’E-5 landing site. Integrated analysis of results from Chang’E-3, Chang’E-4, and Chang’E-5 show that the younger is the geologic age of the mare unit, the greater is the loss tangent of the lunar regolith, and the weaker is the radar electromagnetic signal penetrating ability.
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1. Introduction


The Moon is the closest neighbor and the only satellite of Earth. It is the preferred target for human beings to explore extraterrestrial objects. Ever since the former Soviet Union launched Luna 2 in September 1959, which landed east of the Mare Tranquillitatis, human beings have carried out numerous exploration missions to the Moon, of which the success rate has been about 50% (Ding et al. [1]). Following China’s successful launch of the Chang’E-1 mission in 2007, it has successfully completed five lunar exploration missions and achieved fruitful scientific research results (Li et al. [2]). The Moon’s subsurface preserves rich information on various impacts experienced by the Moon during the early formation of the solar system and its later modification (Hörz et al. [3]). Among the important research objects of lunar exploration are radar observation and drilling sampling to the lunar regolith to obtain information. A detailed study of the dielectric properties of the lunar regolith and its formation mechanism can promote interpretation of the formation history and evolution mechanism of the surface of the Moon (Carrier et al. [4]).



In radar observations of the Moon, it is very important to derive the dielectric properties of targets (Campbell and Ulrichs [5], Feng et al. [6], Ding et al. [7], Li et al. [8], Ding et al. [9]). Radar penetration capability mainly depends on the loss tangent of the subsurface material (Pommerol et al. [10], Xing et al. [11]). The optical detection means concerning the Moon mainly reflect the physical characteristics of materials on the surface (Hillier et al. [12], Sato et al. [13]), while its penetrability is almost negligible relative to the thickness of the lunar regolith. The Chinese Chang’E-3, Chang’E-4, and Chang’E-5 landed on geological units of the lunar surface with different ages, and all carried surface penetration radar (Li et al. [8], Ding et al. [9], Fang et al. [14], Su et al. [15], Xiao et al. [16], Zhou et al. [17], Wang et al. [18]), which provides an unprecedented opportunity to quantify the relationship between the loss tangents and the ages of different geological units.



The dielectric properties of the lunar regolith are mainly characterized by the dielectric permittivity. Generally, the dielectric permittivity is a complex, with its real part being the relative permittivity and the loss tangent provided by the ratio between the imaginary and real parts of the complex permittivity (Ulaby et al. [19], Orosei et al. [20]). The loss tangent is commonly used in planetary radar to denote the attenuation of electromagnetic wave energy by a medium, while conductivity is commonly used in geophysics on Earth. The conductivity and loss tangent indicate a measure of how easily electrical current flows through a material (Carrier et al. [4]). The relative permittivity and loss tangent of the subsurface material can be retrieved from the radar echoes to determine the characteristics of the target material during radar observation of the Moon. For example, the relative permittivity of a typical lunar regolith is ∼3 and the loss tangent is ∼0.005 (McKay et al. [21]). Typical lunar basalts have a relative permittivity of 6–12 and loss tangents of >10    − 2    (McKay et al. [21]). The loss tangents of the lunar regolith have a large range of variation, e.g., the loss tangents of the lunar regolith art the Chang’E-3, Chang’E-4, and Apollo17 landing sites are ∼0.0124, ∼0.005, and ∼0.008, respectively (Li et al. [8], McKay et al. [21], Ding et al. [22], Strangway et al. [23]). The possible reason for this phenomenon is that there are differences in TiO   2  +FeO content in the lunar regolith and/or the age of geological units of the Moon’s surface. However, there have been no reports on how to quantify the relationship between the loss tangent and the age of the Moon’s surface. Although the loss tangent of the Chang’E-5 lunar regolith is estimated using the method of amplitude attenuation of the radar echo (Su et al. [15]), the amplitude of radar echo is commonly affected by multiple reflections, geometric spreading, and scattering, which make challenging to obtain reliable attenuation (Liu et al. [24]). However, the frequency shift method can effectively avoid the influence of this situation (Ding et al. [22], Liu et al. [24], Irving and Knight [25]).



In this paper, the loss tangent in the lunar regolith of the Chang’E-5 landing site is estimated using the frequency shift method and the relationship between the loss tangent in the lunar regolith and the age of the Moon’s surface is quantitatively derived. This empirical relationship provides a reference for estimating the penetration depth of the Moon’s surface with different ages observed by radar.




2. Geological Background, Data Collection, and Method


2.1. Geological Background of the Chang’E-5 Landing Site


In 2020, China launched the Chang’E-5 mission, which is the “return” stage in the trilogy of “orbiting, landing, and return” of China’s Lunar Exploration Program (CLEP). Lunar samples totaling ∼1731 g were collected by the mechanical arm and core drilling sampling on the lander and returned to Earth (Li et al. [26]). The landing site of the Chang’E-5 mission is located on the Eratosthenian-aged mare basalt in the Mons Rümker of Oceanus Procellarum (Qiao et al. [27]), and its geological age of the local mare unit is constrained to ∼2.0 Ga (Li et al. [28], Che et al. [29]). The topography of the landing site is relatively flat, with an average slope of   2.7   ∘   (Wu et al. [30]).



The Xu Guangqi crater is located to the northwest of the lander (Figure 1A), and has a diameter of ∼463 m. Combined with the distribution of the surrounding craters and the geological background of the landing site, the Xu Guangqi crater is considered as a primary impact crater formed before 400 Ma (Qiao et al. [27], Su et al. [31]). The mixed thickness of the indigent lunar regolith and ejecta materials over the bedrock in the landing site is constrained to ∼7 m (Qian et al. [32]). The survey line of the LRPR is located at the distal of the continuous ejecta of the Xu Guangqi crater (Figure 1C). According to impact crater theory (McGetchin et al. [33], Pike [34]), the thickness of the Xu Guangqi crater’s ejecta deposited at the landing site yielded ∼0.6 m (see Table 1 for details). In addition, there is a crater, named Crater A, with a diameter of ∼104 m in the southeast of the Xu Guangqi crater. Crater A was formed later than 400 Ma, as it is located on the continuous ejecta blanket of the Xu Guangqi crater. Because of its relatively small diameter, Crater A was not excavated deeply enough to reach the underlying bedrock, and as such its ejecta materials are mainly sourced from the ejecta of the Xu Guangqi crater and the paleo-regolith. The contribution of the deposited materials of Crater A to the landing site is ∼0.2 m (see Table 1). According to the image data acquired by the Chang’E-5 high-resolution landing camera (Figure 1B), there are three small craters near the lander which have diameters of 11.12 m (Crater C1), 7.82 m (Crater C2), and 7.30 m (Crater C3). The contributions of the ejecta from these three craters to the landing site are small, indeed negligible (see Table 1). Therefore, the materials with a depth of 1 m below the lunar surface of the Chang’E-5 landing site are possibly from the sum of the Xu Guangqi crater and Crater A. These ejecta materials have undergone weathering on the lunar surface for less than 400 Ma, and are mainly dominated by the lunar regolith, with a small amount of rock fragments (Su et al. [31], Feng et al. [35]).




2.2. Data Collection and LRPR Description


The Chang’E-5 LRPR consists of lunar surface array antenna penetrating radar equipment with a central frequency of 2 GHz and a bandwidth of 1–3 GHz (Xiao et al. [16]); its vertical resolution in lunar regolith-like material is designed to be 5 cm (Li et al. [36], Xiao et al. [16]). Unlike the radar systems installed on the Chang’E-3 and Chang’E-4 rovers, it can detect radio signals while traveling (Fang et al. [14], Su et al. [15]). The Chang’E-5 LRPR is installed at the bottom of the lander and cannot be moved for detection (Figure 2A). It consists of twelve antenna pieces, marked #1 to #12 (red rectangle in Figure 2A); the spacing between the antennas is 0.12 m, and the length of the horizontal survey line is fixed at 1.56 m (Xiao et al. [16], Su et al. [31]). Its working principle is that the first antenna emits electromagnetic waves into the lunar surface; the other eleven receive the reflected echoes, then loop to the next piece of antenna for transmission while the other antennas receive signals. This loop repeats until reaching the final antenna piece. Therefore, the LRPR can obtain 132 radar data traces in a completed observation.



During the ground verification test, it was found that the lander body wrapped in metal interfered with the subsurface echo (Xiao et al. [16], Li et al. [36], Feng et al. [37]). During the trip to the Moon, the LRPR observed the universe three times (Su et al. [31]). These three sets of data are mainly used to deduct the background interference of the lander body in the measured data. Before drilling a sampling of the lunar regolith, the LPR was turned on to detect one set of data, which was used to guide and assist core drilling sampling. After the core drilling was completed, three groups of observation data were obtained, for a total of seven groups of datasets.



For the purpose of estimating the loss tangent of the lunar regolith, we use only the radar data before drilling, as the metal casing of the drilling core remains in the lunar regolith after drilling, which may affect the final results. The data used in this paper are the raw data issued by the Ground Application System of CLEP of National Astronomical Observatory, Chinese Academy of Sciences. The raw radar data are displayed in Figure 2B. In order to improve the signal-to-noise ratio of the data, we introduced routine approaches for preprocessing of radar data, e.g., system gain removal and sampling calibration (Figure 2C) and band-pass filtering (Figure 2D). The system gain removal is different from those of the Chang’E-3 and Chang’E-4 radars’ data. There are 132 data traces stored in a file of the LRPR, in which each trace has 3000 time sampling points with a time interval of 0.018315 ns; thus, the corresponding radar echo time window is ∼55 ns. These 132 data traces use the same time-variable gain, and the parameters of the gain are stored in the header file of each dataset, which consists of bytes 71 to 310. The first 240 sampling points correspond to 240 gain values, and the rest of the sampling points correspond to the last gain value. The relationship between the gain parameter (  G  p a r a   ) and the gain value (  G  v a l u e   ) is expressed as    G  v a l u e   = −  G  p a r a   / 2  . The original voltage (  V  r a w   ) of the LRPR signal can be converted using the following equation:


   G  v a l u e   = 20 ∗ l o  g 10   (   V  o b    V  r a w    )   



(1)




where   V  o b    is the measured voltage of the LRPR observation, which is the data after system gain removal.



The LRPR antennas are approximately 0.9 m away from the Moon’s surface (Xiao et al. [16]), and radar echoes received by the each antenna have a different time delay from the ground surface. To estimate the loss tangent of the lunar regolith using the LRPR data, we do not calculate the radar echo between the antennas and the lunar surface; thus, we need to obtain the accurate position of the zero point of the lunar surface. By comparing the geometrical relationship between the spacing of antennas and its height away from the lunar surface, we obtained the time delay of the zero point, which ranges from ∼5.9 ns to ∼11.9 ns, as shown in Figure 3.




2.3. Frequency Shift Method


While LRPR-emitted radar electromagnetic waves propagate in a lossy medium, the centroid frequency of the echo signal is broadened with time. This phenomenon is called frequency shift (Liu et al. [24], Quan and Harris [38]). Based on the frequency shift method, the attenuation rate of a radar electromagnetic wave propagating in a lossy medium can be estimated and the loss tangent of the lossy medium can be derived (Irving and Knight [25]). This method has been successfully applied to the inversion of dielectric properties of volcanic ash (Lauro et al. [39]) and lunar regolith observations by lunar penetrating radar (Ding et al. [22]).



There is a linear relationship between the centroid frequency of radar echo signals, the centroid frequency of radar transmitting antennas, and the loss tangent of the medium in which it propagates (Equation (2)). The detailed derivation process can be found in our previous study (Ding et al. [22])


   f r  =  f t  −   π · t a n   δ ·  f t   8  τ  



(2)




where   f r   is the centroid frequency of the signal received by the radar antenna;   f t   is the centroid frequency of the radar transmitting antenna, which is approximately equivalent to the operating frequency of the radar (Quan and Harris [38]);   t a n   δ   is the loss tangent of the propagation medium; and  τ  is the two-way traveling time (ns). The centroid frequency   f r   of the signal received by the radar antenna can be calculated using


   f r  =    ∫ 0 ∞  f · Y  ( f )  d f    ∫ 0 ∞   Y ( f ) d f     



(3)




where   Y ( f )   is the spectrum of the signal received by the radar antenna. By fitting the trend of the centroid frequency of the radar echo signal to the time using Equation (2), the frequency shift rate of radar electromagnetic wave propagation in a lossy medium can be obtained. The loss tangent can subsequently be calculated by (Quan and Harris [38])


  t a n   δ = − 8     Δ  f r    Δ t    /  π ·  f  t  2     



(4)




where    Δ  f r    Δ t    is the slope of the frequency downshift varying with time.





3. Results


3.1. Loss Tangent Estimation


The time window of LRPR is ∼55 ns, and the zero points to the lunar surface range from ∼6 ns to ∼12 ns (Figure 3). In the ground verification experiment, the earth’s volcanic ash is treated as the simulant of the lunar regolith. The data obtained by the LRPR from the regolith simulant show that there is a group of strong reflections at the end of the signal and that its peak value is ∼54.4 ns (Figure 4C,D). This reflected signal is not from the subsurface materials; rather, it is from the reflection of the cable in the radar system, which is an artificial signal. Similarly, there is a group of strong reflections at the end of the signal in the lunar observation data, with a peak value of ∼52.4 ns (Figure 4A,B). However, the range of the strong reflections from the radar observation of the lunar regolith is wider than that from the ground experiment, which is from ∼44.5 ns to ∼52.9 ns. While the subsurface reflections of the lunar regolith range from the zero point of the lunar surface to ∼44.5 ns, the amplitude of the radar echo is attenuated with time, which accords with the characteristics of electromagnetic signal propagation in the lunar regolith. However, it sharply rises at ∼44.5 ns, which may be due to an interface between different dielectric properties, such as rocks or mare basalt, although Qian et al. [32] concluded that as the thickness of the lunar regolith at the Chang’E-5 landing site is ∼7 m, it is most likely due to rocks. The strong reflection signal at ∼44.5 ns cannot be well distinguished from the system cable reflection. Therefore, in order to avoid ambiguity, we chose the signal before ∼44.5 ns for use in this study.



In calculating the loss tangent, we have subtracted the radar echoes from the antennas to the lunar surface, which propagate in a vacuum. Because the height of the antennas to the lunar surface is ∼0.9 m, the radar coupling wave and the direct wave have separated and are prior to the zero point of the lunar surface. Therefore, in order to avoid the influence of the coupling wave and other clutter on our calculation results, we choose the radar echoes after the zero point of the lunar surface, e.g., ∼12 ns. First, every trace of the radar echo is transformed by short-time Fourier transform and the time-frequency distribution is obtained. Second, the centroid frequency of the radar echo at each time is calculated using Equation (3) and the plots of time various with centroid frequency is obtained. Third, the time-frequency distribution data are fitted in order to obtain the frequency shift rate. Finally, the loss tangent in the lunar regolith can be obtained by substituting the calculated frequency shift rate into Equation (4).



Radar antennas #1 to #12 transmit electromagnetic wave pulses in turn, and other antennas receive echo signals, receiving 132 data traces in total. Taking the transmitting antenna as the division, the centroid frequencies of twelve groups of radar echo signals and their change over time are shown in Figure 5A–L. Among them, the transmission frequency   f t   is set to the operation frequency of the LRPR with 2 GHz, and only the frequency shift rate is an unknown parameter in the fitting equation (Equation (2)). The radar echo signals of each group of antennas in Figure 5 are calculated using the fitting method, with the obtained parameters shown in Table 2.



The median frequency shift rate of the LRPR radar wave within a depth of ∼2.8 m below the lunar surface is 0.0233 ± 0.0025 GHz/ns; the relative permittivity is assumed to be ∼3.04, which is obtained by the Chang’E-5 regolith laboratory measurement (see Su et al. [31]). By substituting the frequency shift rate in Table 2 into Equation (4), the value of the loss tangent retrieved from the radar echo signals of each group of antennas can be obtained. The median value of the loss tangent within the lunar regolith calculated by frequency shift method is 0.0148, and its 1 δ  standard deviation is 0.0016 (Figure 6) for the Chang’E-5 landing site.




3.2. TiO   2  +FeO Content Estimation


Laboratory measurement results of Apollo samples show that the loss tangent of lunar samples is related to their density and chemical characteristics, especially their TiO   2  +FeO content. In this paper, we only considered the case of the lunar regolith; thus, the empirical formula is adopted by only fitting the results of Apollo lunar regolith samples (Carrier et al. [4]), exhibited as


  t a n   δ =  10  0.030 ×   TiO 2  + FeO  % − 2.676    



(5)




where   t a n   δ   is the loss tangent of the lunar regolith and TiO   2  +FeO is the content of ferrotitanium in the lunar regolith. By substituting the loss tangent estimated in Section 3.1 into Equation (5), the TiO   2  +FeO content in the lunar regolith at the Chang’E-5 landing site is found to be 28.21 ± 1.57%.





4. Discussion


4.1. Relationship between the Loss Tangent and the Moon’s Surface Age


The Chinese Chang’E-3 mission landed on the eastern rim of the Ziwei crater, and the survey line detected by Yutu radar was on the continuous ejecta blanket of the Ziwei crater (Xiao et al. [40]). The theoretical deposited thickness of the ejecta material excavated in the Ziwei crater at the landing site is constrained to ∼5 m (Qiao et al. [41]), and the formation age of the Ziwei crater is constrained to ∼26.7 Ma (Xiao et al. [40]). This indicates that the materials within a thickness of ∼5 m at the Chang’E-3 landing site may be ejecta materials formed by the Ziwei crater. However, it remains to be clarified whether these ejecta materials are mainly the lunar regolith or underlying broken basalt fragments. According to impact theory, the excavation depth of a crater is about 1/13 of its diameter (Melosh [42]). As the diameter of Ziwei crater is ∼450 m, the excavation depth of the crater is ∼34.62 m. Quantitative analysis of the percentage of the lunar regolith in a given crater’s ejecta can be estimated using the following equation (Taylor et al. [43]):


  P =   100 T    D E  × d    



(6)




where P is the percentage of the lunar regolith; T is the thickness (m) of the in situ lunar regolith before excavation;   D E   is the coefficient of the excavation depth and crater depth, which is in the range of 0.2–0.3 based on laboratory simulations of crater data (Stöffler et al. [44]); and d is the depth of crater (m). It is worth noting that the product of   D E   and d is the maximum excavation depth of the crater (Taylor et al. [43]). The average lunar regolith thickness before excavation at the Chang’E-3 landing site is ∼8 m (Fa et al. [45]). According to Equation (6), the percentage of lunar regolith in the ejecta of Ziwei is ∼23.11%; thus, it can be inferred that most of the ejecta originates from the broken underlying basalt. However, the relative permittivity within ∼4 m below the lunar surface yields ∼3.2 (Ding et al. [46], Fa et al. [47]), suggesting that the Ziwei ejecta are similar to that of the lunar regolith. Other scholars believe that the ejecta volume and excavation depth of a crater may be 3–4 times less than the previous estimates (Sharpton [48]), meaning that the percentage of the lunar regolith in the Ziwei ejecta can be recalculated as 69.32–92.43%, which is consistent with the radar observations. Therefore, it is highly possible that the Ziwei ejecta are mainly local material developed on the Eratosthenian-aged mare basalt, with an age of ∼2.5 Ga (Xiao et al. [40]) and a loss tangent of 0.0124 ± 0.0023 (Ding et al. [22]), as marked by the yellow dot in Figure 7.



The Chinese Chang’E-4 mission landed at the bottom of Von Kármán crater at ∼3.6–3.7 Ga on the far side of the Moon (Chang et al. [49], Huang et al. [50], Pasckert et al. [51]). The observation results from its high-frequency radar show that the material <45 m below the lunar surface are ejecta materials from the Orientale basin (Xiao et al. [52]), while the shallow surface layer on the top, which is ∼12 m thick, is fine-grained lunar regolith with a loss tangent constraint of 0.005 ± 0.002 (Li et al. [8]), as marked by the red dot in Figure 5. The age of the Chang’E-5 landing site has been measured at ∼2.0 Ga as derived from isotopic measurements (Li et al. [28]).



The complex permittivity of the lunar regolith simulant sample at different frequencies was tested by Boivin et al. [53], suggesting that the loss tangent has a slight frequency dependence. An assumption for the comparison of the results in Figure 7 is that the dependence of the loss tangent on the frequency relative to the uncertainty of its estimated value can be ignored. To sum up, the loss tangent and geological age of the Chang’E-3, Chang’E-4, and Chang’E-5 landing areas are plotted in Figure 7. Because it is difficult to unify the geological age deviation value of the landing area of each mission, we adopt the approximate values here. Based on the fitting method, the empirical formulas for obtaining the loss tangent in different geological ages is as follows:


  y = − 0.006 x + 0.027 ;  R 2  = 0.98  



(7)




where y is the loss tangent of the lunar regolith and x is the geological age (Ga) of the Moon’s surface. It can be inferred that if the geological age is older, the loss tangent in the lunar regolith is smaller. Meanwhile, an older lunar surface age indicates high self-similarity of the materials inside the lunar regolith (Ding et al. [54]). It should be noted that in this paper the geological age of the Moon’s surface is the age of the local mare unit. If the lunar regolith is developed on the ejecta materials rather than local bedrock, the source of the ejecta materials need to be determined. In general, crater ejecta are due to the excavation of local materials, with the impact process being one of the physical processes that promote the development of the lunar regolith. It is important to be clear that if the ejecta are excavated locally, the surface age is the local mare basalt. In the case of lunar regolith developed from foreign ejecta materials, the formed age of the parent crater and/or basin should be determined.




4.2. Comparison of Estimated Loss Tangent with Apollo Data


The value of loss tangent in the Chang’E-5 lunar regolith is obviously higher than that of the typical lunar regolith, althoughy it is close to that of the lunar basalt. A possible reason for this is that the geological age of the Chang’E-5 landing area is relatively young, and the TiO   2  +FeO content in the lunar regolith is relatively high. Laboratory measurement of Apollo samples shows that the range of the loss tangent of the lunar regolith fluctuates greatly, and is related to the TiO   2  +FeO content (Carrier et al. [4]). Figure 8 shows the loss tangent and TiO   2  +FeO content in the lunar regolith retrieved by Chang’E-3 (Ding et al. [22]), Chang’E-4 (Li et al. [8]), and Chang’E-5 radars compared to the results from Apollo samples (Carrier et al. [4]). It can be found that the values from Chang’E radar sounding in the lunar regolith are within the measured laboratory values of the Apollo lunar regolith samples. The loss tangent of the Chang’E-5 lunar regolith is greater, which indicates that the TiO   2  +FeO content of the lunar regolith at the landing site is higher.



When a radar’s electromagnetic wave propagates in a region with higher TiO   2  +FeO content, more energy is absorbed, leading to weaker penetration depth (Pommerol et al. [10]). The estimated TiO   2  +FeO content at the Chang’E-5 lunar regolith is 28.21 ± 1.57%, which is consistent with the actual laboratory measured TiO   2  +FeO content in lunar regolith samples (∼27.5%, per Su et al. [31]) and slightly lower than the TiO   2  +FeO content in the landing area observed by the Kaguya Multiband Imager ∼22.9% (Qian et al. [32]). A possible reason for this is that the Kaguya Multiband Imager is a space-borne observation platform with a spatial resolution >20 m/pixel (Lemelin et al. [55]), and does not have the ability to penetrate the lunar regolith. Therefore, it is reasonable for there to be differences between in situ and remote sensing observations.




4.3. The Influence of TiO   2  +FeO Content in the Lunar Regolith on the Loss Tangent


Generally, the loss tangent in the lunar regolith is associated with the attenuation rate of the electromagnetic signal, which affects the penetrating depth of the radar, and the loss tangent is determined by the FeO+TiO   2   content in the lunar regolith (Pommerol et al. [10], McKay et al. [21]). The loss tangent of the Chang’E-5 regolith is ∼0.0148, constrained by the LRPR, and its TiO   2  +FeO content is derived as ∼28.21 wt.% using the empirical formula. Laboratory measurements of the Chang’E-5 lunar regolith samples show that the contents of FeO and TiO   2   are 22.2 wt.% and 5.7%, respectively (Tian et al. [56]), which are consistent with our radar observations. In additional, Fa and Wieczorek [57] concluded that the loss tangent of the lunar regolith is more closely related to its TiO   2   content than its FeO content. According to the empirical formula provided in Fa and Wieczorek [57], the TiO   2   content of the lunar regolith is derived as ∼8.13%, which is slightly higher than laboratory measurements of the Chang’E-5 lunar regolith samples. The reason for this may be related to uncertainty in the empirical formula from Fa and Wieczorek [57].



The FeO and TiO   2   contents of the lunar regolith obtained by the Visible and Near-Infrared Imaging Spectrometer (VNIS) onboard the Chang’E-3 Yutu rover are ∼22.8 wt.% and ∼5 wt.%, respectively (Ling et al. [58]). This indicates that the FeO and TiO   2   contents in the lunar regolith at the Chang’E-3 and Chang’E-5 landing sites are almost the same (Tian et al. [56], Ling et al. [58]). Similarly, the FeO and TiO   2   contents of the lunar regolith obtained by the VNIS onboard the Chang’E-4 Yutu-2 rover are 7.42–18.82 wt% and ∼1.48–2.1 wt%, respectively (Zeng et al. [59]), and the loss tangent of the lunar regolith retrieved by the Yutu-2 radar is ∼0.005 (Li et al. [8]), which is close to that of typical lunar regolith (McKay et al. [21]).



In terms of TiO   2  +FeO content, it is high in the lunar regolith at the Chang’E-3 and Chang’E-5 landing sites and small at the Chang’E-4 site. One possible reason for this is related to past volcanic eruptions on the Moon. Historically, the Moon has experienced at least two major volcanic eruptions. According to basalt samples returned by the Apollo and Luna missions, the first peak of volcanic activity on the Moon was between 3.1 Ga and ∼4.3 Ga (Morota et al. [60]), while the second peak of volcanic activity was ∼1.8 Ga to 2.5 Ga (Morota et al. [60], Haruyama et al. [61]). The mare basalt at the Chang’E-4 landing area has an age of ∼3.6–3.7 Ga (Chang et al. [49], Huang et al. [50], Xiao et al. [52]), which probably formed during the period of the first peak of volcanic activity. The geological ages of the Chang’E-3 and Chang’E-5 landing sites are ∼2.5 Ga and 2.0 Ga (Li et al. [28], Xiao et al. [40]), respectively, and the mare basalt units at these sites probably formed during the second peak of volcanic activity. The mare basalt is formed from cooled volcanic magma which contains lunar mineral materials (e.g., ilmenite), and is the source of the TiO   2  +FeO content in the lunar regolith. The lunar regolith is a layer of loose materials covering the bedrock, and was predominantly formed by weathering processes (e.g., impact events) in the local mare basalt (McKay et al. [21]). The TiO   2  +FeO content in the lunar regolith at the Chang’E-3 and Chang’E-5 landing sites is quite different from that at the Chang’E-4 site, which may be due to the weathering time of the Chang’E-4 regolith being longer, although the mechanism of the decreased TiO   2  +FeO content in the lunar regolith with weathering time remains unknown and requires further study. In addition, most of the lunar regolith at the Chang’E-4 landing area is not mainly weathered by the local basalt materials, instead being dominated by foreign ejecta materials (e.g., Orientale basin, Finsen crater, etc.), which may be the reason for the low TiO   2  +FeO content of the lunar regolith in this area.



In terms of the loss tangent, that of the Chang’E-5 regolith is greater than that of the Chang’E-3, although the TiO   2  +FeO content at these two landing areas is almost the same. One possible reason for this is that the older lunar surface age decreases the loss tangent of the lunar regolith. This may not be related to the TiO   2  +FeO content; one possible factor is that the particle size of the lunar regolith grows gradually finer and its interior heterogeneity becomes more aggregated with age (Ding et al. [54]). Another possible factor is that the frequency of the Chang’E-5 radar is higher than that of the Chang’E-3 radar; when observing the same medium at a different frequency, the loss tangent measured by the higher frequency radar is likely to be larger than that of the lower-frequency radar.



The loss tangents of the Chang’E-3 regolith (∼0.0124) and the Chang’E-5 regolith (∼0.0148) are larger than that of typical Apollo lunar regolith samples, which is ∼0.005 (McKay et al. [21]), and even reach that of dense basalt, which is usually larger than 10    − 3    (McKay et al. [21]). Apollo and Luna missions samples were almost always collected from older geological units (3.1 Ga to ∼4.3 Ga) on the Moon, while the geological ages of the Chang’E-5 and the Chang’E-3 landing areas are younger (2.0 Ga and ∼2.5 Ga). Therefore, we suggest that a loss tangent of the lunar regolith larger than 10    − 3    is reasonable.




4.4. Indications for Subsequent Radar Observations of the Moon


Radars with different working systems, different frequencies, and different observation modes will or have been involved in Lunar observation (Ding et al. [1], Zou et al. [62], Long et al. [63]). The loss tangent value directly affects the penetration depth of radar observation of the Moon (Xing et al. [11], Ding et al. [22]). In this paper, the relationship between the geological age of the lunar surface and the loss tangent is fitted; the applicability of the empirical formula can cover almost all the mare regions, which make up 17% the Moon’s area (Head III [64]). As long as the geological age of the observation area is known, the loss tangent in the lunar regolith can be preliminarily calculated, which can provide parametric support for full interpretation of radar observation data (Li et al. [8], Ding et al. [22]). For in situ radars (e.g., the Chang’E-4 radar), the loss tangent estimated by the radar echo signal can be used to reverse the variations in the geological age of a mare unit within a small range. However, the empirical fitting formula used in this paper has only three observations, and as such the applicability and universality of the formula need to be improved via additional observation data.





5. Conclusions


The LRPR carried by Chang’E-5 provides an unprecedented opportunity to observe the interior structure of the lunar regolith and retrieve its dielectric properties. The Chang’E-5 landing site is located on the youngest basalt unit, which is characterized by the high loss tangent of its regolith layer. The loss tangent within ∼2.8 m of the lunar regolith is estimated to be 0.0148 ± 0.0016 using the frequency shift method, and the corresponding TiO   2  +FeO content is constrained to be 28.21 ± 1.57%. The results obtained from the in situ Chang’E-5 LRPR data have been subjected to a comparative analysis with those of the Chang’E-3 and Chang’E-4 landing sites and found to be consistent with laboratory measurements of Apollo regolith samples. Integrated analysis of the results from the three Chang’E missions reconfirm a negative relationship between the loss tangent and the geological age of the lunar surface. When the geologic age of the mare unit is older, the loss tangent of the lunar regolith is smaller and the penetrating ability of radar waves is stronger. Furthermore, the empirical formula obtained in this paper may be applicable to other airless planetary bodies.



In additional, the frequency shift method is a simple, effective, and widely used approach for calculating the loss tangent of the lunar regolith. In the future, the full wave inversion method can be considered to retrieve the dielectric proprieties (e.g., the relative permittivity and the loss tangent) of the lunar regolith using the LRPR data at the Chang’E-5 landing site. The full wave inversion method may be able to obtain a finer distribution of dielectric properties (Lavoué et al. [65]), especially for the interpretation of the interior structure of the lunar regolith, which could be very helpful.
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Figure 1. Geological background of Chang’E-5 landing site. (A) The Chang’E-5 lander is located on the Eratosthenian-aged mare basalt on the near side of the Moon. The dashed red circle indicates the position of Crater A, which has a diameter of ∼104 m and a depth of ∼7 m (Su et al. [31]). The base image is from LROC NAC data with a resolution of 1.5 m/pixel (Image ID:M1361560086RE). (B) The lander is surrounded by three small craters (C1, C2, and C3); the base image was acquired by Chang’E-5 landing camera, which has a resolution of 5 cm/pixel. (C) The yellow line represents the LRPR survey line, and is approximately 1.56 m. The red star indicates the position of the lander. The base image is from the Chang’E-5 landing camera, which has a resolution of 1 cm/pixel. (D) Image of the lunar surface acquired by the lander camera; the image is shows the distribution of a small amount of rock fragments. The images acquired by Chang’E-5 can be freely download from https://moon.bao.ac.cn/ce5web/moonGisMap.search, accessed on 2 August 2022. 
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Figure 2. The model and LRP observation data from Chang’E-5. (A) The module model of the Chang’E-5 lander; the LRPR is installed at the bottom of the lander (www.turbosquid.com/zh_cn/3d-models/chang-e-5-e-model-1681820, accessed on 2 August 2022). (B) Raw radar data. (C) Radar data after system gain removal and sampling calibration. (D) Radargram after band-pass filtering (1–3 GHz). 
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Figure 3. Zero points of the lunar surface calculated by the radar echoes received by the antennas #1 to #10. The blue dots represent the two-traveling time delay of the lunar ground surface reflector of the radar echoes received by the antennas. 
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Figure 4. Comparative analysis of the lunar observation data (A,B) and ground verification data (C,D) obtained by the LRPR and LRPR prototype. In the ground verification experiment, the lunar regolith simulant observed by the LRPR is made of terrestrial volcanic ash. Here, the radar signals are received by the closest spacing between the transmitting antenna and the receiving antenna. 
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Figure 5. The centroid frequency of the radar echo versus time. (A–L) are the centroid frequencies of radar echoes obtained by antennas #1 to #12 as transmitting antennas and other antennas as receiving antennas, respectively. The horizontal axis is the two-way traveling time (ns) and the vertical axis is the centroid frequency (GHz). The pink line is the best fitting result. It is worth noting that we use the data prior to band-pass filtering to calculate the frequency shift rate. 
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Figure 6. Histogram of the calculated loss tangent in the lunar regolith at the Chang’E-5 landing site. 
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Figure 7. The relationship between the Moon’s surface age and the loss tangents obtained by the Chang’E-3 (Ding et al. [22]), Chang’E-4 (Li et al. [8]), and Chang’E-5 radars. 
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Figure 8. Relationship between the loss tangent and ferrotitanium content (TiO   2  +FeO). The pink dots represent laboratory measurements of Apollo lunar regolith samples (Carrier et al. [4]), while green, red, and yellow represent the results of the loss tangents derived from Chang’E-3, Chang’E-4, and Chang’E-5 radar data, respectively. 
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Table 1. The size information of the Xu Guangqi, A, C1, C2, and C3 craters.
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	Crater
	Diameter

(m)
	Depth

(m)
	Distance to the

Lander (m)
	Ejecta Deposits to the

CE-5 Site (m)





	Xu Guangqi
	463
	66
	424
	0.590–0.638



	A
	104
	7
	91
	0.152–0.242



	C1
	11.12
	1.38
	14.35
	0.005–0.144



	C2
	7.82
	0.91
	17.69
	0.0007–0.002



	C3
	7.30
	1.18
	14.68
	0.0009–0.003







Note: The ejecta thickness estimation at the CE-5 landing site are calculated based on the McGetchin et al. [33], and Pike [34] models, respectively.
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Table 2. Parameters of the best fitting lines and their 95% confidence intervals.
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	Antenna
	Slope, Frequency Shift Rate (GHz/ns)
	95% Confidence Interval





	#1
	0.0266
	(0.0262, 0.0269)



	#2
	0.0242
	(0.0239, 0.0246)



	#3
	0.0243
	(0.0239, 0.0246)



	#4
	0.0239
	(0.0236, 0.0242)



	#5
	0.0229
	(0.0226, 0.0232)



	#6
	0.0221
	(0.0218, 0.0224)



	#7
	0.0194
	(0.0191, 0.0197)



	#8
	0.0170
	(0.0167, 0.0173)



	#9
	0.0215
	(0.0211, 0.0218)



	#10
	0.0236
	(0.0233, 0.0240)



	#11
	0.0228
	(0.0225, 0.0232)



	#12
	0.0239
	(0.0235, 0.0242)
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