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Abstract

:

This work analyzes the observations from the Lunar Regolith Penetrating Radar (LRPR) onboard Chang’E-5 to reconstruct the subsurface structure of the regolith under the lander at the drilling site. This is the first stationary Ground-Penetrating Radar (GPR) array to operate on the Moon. Imaging results of pre-drilling and post-drilling measurements show that the thickness of local regolith is larger than 2 m. Within the LRPR’s detection range, we do not find any continuous layer. Instead, irregular, high-density zones are identified in the regolith. Two of these zones are on the drilling trajectory at ~30 cm and ~70 cm, consistent with the recorded drilling process. We speculate a rock fragment from the deeper, high-density zone obstructed the drill, which led to an early termination of the drilling. Based on our interpretation of subsurface structure, we modeled the LRPR echoes using a finite-difference time-domain method. The same imaging algorithm was also applied to the simulation data. The modeled data verify our inference of the regolith structure under the lander.
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1. Introduction


The Chang’E-5 (CE-5) was China’s first lunar sample-return mission. On 1 December 2020, CE-5 landed on the Moon at 43.06°N, 51.92°W and collected 1731 g of lunar regolith samples by scooping and drilling [1,2]. Studying the age and composition of these samples will constrain the impact chronology of the inner Solar System and the thermal evolution of the Moon, while researching the subsurface structures in the regolith will reveal the impact gardening history of the lunar surface. In addition to the scooper and drill, four instruments were installed on the CE-5 lander, including a landing camera (LCAM), a panoramic camera (PCAM), a lunar mineralogical spectrometer (LMS), and a lunar regolith penetrating radar (LRPR). The LRPR detects the subsurface structure of lunar regolith up to a depth of 2 m and provides supporting information for the drilling process [3,4,5]. In contrast to the Lunar-Penetrating Radars (LPR) onboard the rovers of the Chang’E-3 and Chang’E-4 missions [6,7,8], the LRPR remains stationary and produces spatially resolved radargrams with a 12-antenna array.



The landing region, in Northern Oceanus Procellarum, to the north-east of Mons Rümker, is a relatively young and flat basalt mare unit named P58 in the geologic map given by Hiesinger et al. (2011) [9] and Hiesinger et al. (2003) [10]. Figure 1a shows the location of the CE-5 landing site. The radiometric dating of returned lunar samples shows that the formation age of this unit is 2030 ± 4 million years [11]. Local basalt has an estimated TiO2 abundance of 5–8 wt.% and FeO abundance of 16.5–17.5 wt.% [12]. A degraded crater named Xu Guangqi with a diameter of ~463 m is ~400 m to the northwest of the landing site. Based on the morphologies of small fresh craters identified in high-resolution optical images, Jia et al. (2020) estimate that regolith thickness varies from ~1.5 to ~8 m with a median value of ~5 m, implying a high mean regolith growth rate over the landing region [13]. Qian et al. (2021) indicate that the regolith at the Chang’e-5 site is ~4–6 m thick, and ejecta are primarily from five proximal craters, including Xu Guangqi, dominantly with ages < 200 Ma [14]. Deeply buried distal materials are believed to originate mainly from the Harpalus, Copernicus, Aristarchus, and Mairan G craters [14]. As it is covered by multiple young ejecta deposits, the landing site is relatively rocky. Studies from LRO Diviner infrared radiometer data suggest that the rock abundance on the surface of this region is ~0.6–0.7%, which is higher than that in most highlands (~0.1–0.3%) [15]. Figure 1b illustrates a low-angle illumination Lunar Reconnaissance Orbiter (LRO) Narrow-Angle Camera (NAC) image of the CE-5 landing site, showing that many large rocks (>1 m) are exposed on the southern crater wall of Xu Guangqi.



Despite the success of sample collection, the drill of CE-5 only penetrated ~1 m into the regolith [16], and the majority of the samples were derived from 0–73.8 cm depth [1], smaller than the planned 2 m sampling depth [2]. In this study, we will examine the CE-5 LRPR data to study the subsurface structure and explore the possible reason for the shallow penetration depth of the CE-5 drill. While this obstruction did not prevent CE-5 from completing its mission, it illustrates the utility of a stationary Ground-Penetrating Radar (GPR) system to predict high-density materials.




2. Measurements and Data Processing


The LRPR consists of twelve Vivaldi antennas, working in the time domain at a center frequency of 2000 MHz with a bandwidth of 500 to 4000 MHz [17]. Figure 2 demonstrates the mounting positions of the twelve antennas, running behind one of the lander’s four legs. These antennas are installed asymmetrically next to the drilling device, ~88 cm above the lunar surface. The longest dimension of the antenna array is 1.518 m. Antennas #1 to #10 are aligned along one edge of the lander’s bottom with element spacing of 12 cm, and the offset between #7 and #8 is 56 cm; antennas #11 and #12 are mounted separately. As an ultra-wideband radar, the LRPR transmits carrier-free pulses with a Full Width at Half Maximum (FWHM) of 200 ps. The LRPR works with one of the antennas transmitting pulse signals into the lunar subsurface and the other eleven antennas receiving echoes. In this way, 12 antennas will produce 132 traces of radar data in one observation period. Each trace has a time window of 55 ns, collecting 3000 samples with a temporal sampling interval of 18.3 ps. The nominal vertical range resolution of LRPR is 5 cm [4,5].



The LRPR conducted seven measurements during the CE-5 mission, including three background measurements, one pre-drilling observation, and three post-drilling observations [4]. The background measurements were taken in free space before the CE-5 landed on the lunar surface. Figure 3a shows the waveform of a single trace of the pre-drilling observation raw data. The radargrams of the observation data and background are shown in Figure 3b,c.



Before imaging the subsurface structure, the data-processing steps include bandpass filtering, time-delay correction, background removal, and trace balance. The bandpass filtering was first implemented to remove low-frequency system noise and direct current bias in the signals. This was conducted in the frequency domain using Fast Fourier Transform (FFT) with a pass range of 1 to 3 GHz. For time-delay correction, the time zero position of each trace was corrected according to the theoretical arrival time of the direct wave, which would increase linearly with antenna offsets. Subsequently, the background was subtracted from the observation data to eliminate the direct waves. To achieve background removal, we align each trace in the data to its counterpart in the background by shifting the waveform in the time domain in the form of:


   τ  i , c   =   max  τ  (    ∫  0   t g     E  i , b    t   E  i , o     t + τ   d t  )  



(1)




where i is the trace number,    τ  i , c     is the shifting time for observation data,  t  is the two-way travel time,    t g    is the time range for correlation calculation (smaller than the arrival time of ground-reflected waves),    E  i , o    t    and    E  i , b    t    are waveforms of observation data and background, respectively,  τ  is the trial shifting time, and   d t   is the sampling interval. Figure 4a compares the waveforms of a single trace before and after background removal. Data after 45 ns in each trace are abandoned to avoid the reflection signals from the cable-antenna interface. As the travel distance increases with antenna offset, the energy of traces become weaker. According to Feng and Sato [18], to balance the energy of each trace, we correct the amplitude of each trace by:


   E  i ,  new    =  f i   E  i ,  old     



(2)




where    E  i , old     and    E  i ,  new      are the i-th waveforms of observation data before and after trace balancing, respectively,    f i    is the amplitude correction factor for each trace defined as    f i  =  A ¯  /  A i   , where    A i    is the average amplitude of each trace calculated by    A i  =  1 T    ∫   t = 0   T = 20  ns     E i   t  d t  .   A ¯   is the average amplitude of all traces calculated by    A ¯  =  1 N    ∑   i = 1  N   A i   , where  N  is the total trace number. Figure 4b,c show the radargram and the wiggle form of the observation data after processing.




3. Imaging Result


The LRPR is a multi-input and multi-output (MIMO) GPR, and its antenna layout is irregular. We utilize a diffraction stack migration [19,20] for LRPR imaging because this algorithm is straightforward, flexible, and easily applicable to various antenna array layouts. It has been used in data processing for the ground test of CE-5 LRPR [3,21]. In the imaging space, the scattering intensity of the reflection at a subsurface point,   I   x , y , z    , can be expressed by:


  I   x , y , z   = ∬ w   x , y , z   ⋅ E    x r  ,  y r  ,  z r  , t   d  x r  d  y r   



(3)




where     x , y , z     and      x r  ,  y r  ,  z r      are the coordinates of each subsurface point and the receiving antenna.  t  is the two-way travel time of the echo from each scattering point.   E    x r  ,  y r  ,  z r  , t     is the collected echo on the antennas plane at time  t .   w   x , y , z     is the weighting function used to compensate for the geometrical spreading and propagation loss.



Since antenna #11 and #12 are out of the 2D imaging plane containing the drill, in this study, only the traces generated by antennas #1 to #10 are used to image the subsurface structure. We consider the   x − z   plane is the vertical profile of the regolith. As the LRPR collects a limited number of traces in one observation, Formula (3) can be rewritten in a discrete form of   I   x , z   =   ∑   i = 1  N  w   x , z , i   ⋅  E  i , t   x , z , i      , where  i  is the trace number,  N  is the number of traces used for imaging, and    E  i , t   x , z , i       is the echo on the  i -th trace at the two-way travel time,   t   x , z , i    . We use a cross-correlation sum to improve the imaging result to replace the simple echo summation in the equation. Additionally, the analytical signal derived by applying a Hilbert transform to the data is used for the accumulation. Thus, the imaging algorithm can be modified as follows:


  I   x , z   =   ∑   i = 1  N    ∑   j = 1 , j ≠ i  N  w   x , z , i   w   x , z , j   [  E  i , t   x , z , i      E  j , t   x , z , j     +  H  i , t   x , z , i      H  j , t   x , z , j     ]  



(4)




where  i  and  j  are trace numbers,    E  i , t     and    E  j , t     are real parts of the analytical signals in trace  i  and  j  at  t , while    H  i , t     and    H  j , t     are the imaginary parts of the analytical signals.   w   x , z , i     and   w   x , z , j     are weighting functions for echoes in trace  i  and  j . The weighting function is determined by the signal travel distance and the attenuation coefficient. The travel time   t   x , z , i     is a function of the subsurface point’s coordinates     x , z    , signal propagation geometry, and antennas’ coordinates in trace  i . Snell’s law is employed to calculate the signal propagation geometry and travel time for each scattering point. Since LRPR is not a traditional movable common-offset GPR, there is no hyperbola in its radargram, and we cannot use the hyperbola fitting method to estimate the travel velocity. According to the laboratory measurements of the CE-5 lunar samples, the average permittivity and loss tangent of the regolith at 1–3 GHz at the landing site are 3.04 ± 0.02 and 0.014 ± 0.002 [4]. We use these measured values to calculate the propagation velocity and attenuation coefficient of the radar signal in the regolith. Details of the imaging method can be found in Feng et al. [21].



Figure 5a shows the imaging result of shallow regolith structure before drilling, while Figure 5b–d demonstrate the imaging results of data after drilling. The high intensity in these figures represents the strong radar echoes from buried objects with higher density than the regolith, while the relative transparent background represents fine regolith with uniform density. Within the top ~20 cm of the images, the dominated signals are reflections from the space–ground interface, which also appeared in the ground test data [21]. In the regolith deeper than 20 cm, some high-density zones are found, indicating the presence of either buried rocks or a cluster of dense fragments. Along the drilling trajectory, at a depth of ~30 cm and ~70 cm, there are two high-density zones, and the reflection at ~70 cm is stronger than that at ~30 cm. This is consistent with the pulling force and rotational torque recorded during the drilling process, which shows that the drill came across high resistance at ~30 cm and ~70 cm depth but still penetrated these structures [1]. Therefore, these structures are more likely to be aggregate fragments.



High-density zones are also present in the deeper regolith at ~1.3–2.0 m depth, as strong radar echoes are found. The three post-drilling imaging results are almost identical, while there are some differences between the pre-drilling and post-drilling images. This is probably not the structure change resulting from drilling process, because these differences not only appear on the drill trajectory but also in other regions out of the trajectory and at depths larger than 1.5 m, where the drill did not reach at all. Instead, this is most likely due to the change of the electromagnetic environment where LRPR worked. As the drill and scooper were deployed after the pre-drilling scan, the reflections from the drilling mechanism (such as drill stem) and the scooper arm might cause some clutter that seems like a structure change in the post-drilling data. In general, our imaging results in this paper agree with the work from Su et al. [4].




4. Subsurface Structure and Modeling Result


Figure 6a illustrates the structure diagram of regolith at the CE-5 drilling site based on our interpretation of the LRPR imaging results. It represents a cross-section of regolith along the red dashed line shown in Figure 6b. There is no continuous layer or bedrock–regolith interface within the LRPR’s detection range, implying that the regolith thickness is larger than 2 m. The local regolith consists of fine-grained material with some rocky regions of decimeters in size. This is consistent with the rock distribution on the surface captured by LCAM. As shown in Figure 6b, rocks of decimeters in size and aggregate fragments (indicated by black arrows) are just several meters away from the drilling site. The landscape photographed by the lander’s panoramic camera also illustrates that the lunar surface near the landing site is strewn with many small rocks (Figure 7). According to Liang et al. [16], the drilling and coring process was terminated at 1 m, possibly because a rock fragment obstructed the drill bit or internal coring mechanism. Zheng et al. [1] state that most of the Chang’E-5 drill samples were derived from 0 to 73.8 cm below the lunar surface, and few samples were extracted below 73.8 cm, as the drilling encountered several rocky regions. Therefore, we speculate that the drill penetrated two rocky regions (probably aggregate fragments) in the regolith, and a rock fragment from the deeper region obstructed the drill.



To verify the inferred subsurface structure, we apply the finite-difference time-domain (FDTD) method to model the LRPR echoes. The modeling tool used in this study is gprMax [22]. The input scenario is the subsurface structure, as given in Figure 6a. The spatial grid of the model is 5 mm × 5 mm, and the time window is 55 ns with a sampling period of 11.8 ps. The transmitted pulse in the simulation is a Ricker wavelet with a central frequency of 2 GHz. The modeling is performed in two dimensions, so only antennas #1 to #10 are included in the model. The permittivity of regolith in the model is 3, the same as CE-5 lunar samples. As the lunar basalt rock has a permittivity of 6–7 and high-density zones are a mixture of regolith and rock fragments, a permittivity of 4.5 is used for these zones in the model.



The simulated raw data are demonstrated in Figure 8a. The data processed with bandpass filtering and background removal are shown in Figure 8b. Figure 8c,d show the wiggle forms of the simulated data. In contrast to real lunar data (Figure 4b,c), the waveform of the simulated data is much “cleaner”, with less noise and clutters. This is because the transmitted pulse in the model is an ideal wavelet without any tails and there is no interference from the lander.



The imaging algorithm described in Section 3 was also implemented in the simulated data, with the imaging result given in Figure 9a. The geometric mean of four lunar measurements is shown in Figure 9b. Compared with lunar data, the ground reflection in the model also dominates the early signals but lasts a shorter time. The buried objects are focused correctly in their positions. However, like the imaging result of lunar data, the outlines of these objects are distorted and incomplete. Thicker objects appear with two strong reflections representing their top and bottom, while thinner objects are present as just one reflection. Even though these “focused” patterns in the model are not exactly the same as real data, the similarity between them implies that our inference of the lunar subsurface structure, at least the positions of rocky regions, is reasonable.




5. Discussion


In Figure 5, only strong reflections with a large extent are identified as buried objects, but there are still uncertainties about these recognitions. Since the received echoes of the LRPR include interference from the lander, such as the reflection from lander legs and the drill mechanism, the imaging results may contain clutters, especially at shallow depth. In addition, unlike normal GPR, the buried targets do not appear as hyperbola patterns in LRPR radargrams. Both cause difficulties in distinguishing artifacts and real objects. However, the radar echoes at ~70 cm are very strong and consistent with the drilling logs and the sample distribution in the drill core, so we firmly believe that there is density contrast at this depth. In addition, we exclude the possibility that a regolith/bedrock interface exists within the detection range. To study the potential reflections from such boundary, we add a bedrock layer at 1.5 m to the input scenario for FDTD model, as shown in Figure 10a. The imaging result of the FDTD model is shown in Figure 10b. It is evident that a wide, high-intensity pattern would appear at depth of the boundary, and no other radar echoes would exist below this depth. Such features are not found in the lunar data.



According to the pulling force, lifting force, and rotational torque recorded during the drilling process, the drill encountered two rocky zones at the depths of ~29–40 cm and ~70–86 cm. Our imaging results are consistent with the drilling record. However, the dissected drill core samples show that a small number of rocks was detected at the depth of ~40 cm, not exactly the depth deduced from the drilling log. We think that this is because the density in the rocky zone at 29–40 cm is not uniform. Even though the rocky zone is denser than the surrounding regolith, in the upper part of this zone, the rock debris size is relative smaller, while at bottom, both the size and abundance of the rock fragment are larger. At the depth of 70–86 cm, either a rock fragment obstructed the entrance of the drill or the inner soft tube became stuck by a small debris, so the drill obtained very little samples from this depth.



Due to the sparsity of the antenna elements, limited aperture, and the diffraction characteristics of electromagnetic waves, the horizontal resolution of the LRPR imaging result is low [23], and it is hard to tell the accurate size and outlines of the high-density zones from the ‘focused’ patterns. This is supported not only by the FDTD modeling in Section 4 but also by the results from the ground test [3,5,21]. Therefore, Figure 3a just gives the approximate extent of rocky regions in the regolith. We estimate that the high-density zone at ~30 cm has a lateral size of ~20–30 cm and a thickness of ~5–10 cm, and the one at ~70 cm has a lateral size of ~20–40 cm and a thickness of ~10–15 cm. In the case of CE-5, the drill mechanism was fixed across both the lander and ascender [1], so it was not able to move laterally to avoid the obstructions found here. In the future sampling mission, if the spacecraft carries a laterally movable drill, a similar GPR array may provide useful information for the drill to avoid buried objects.



It should be noted that Figure 6a only gives the 2D cross-section of the subsurface structure on the x–z plane. On this plane, the area ratio between the rocky regions and the background is ~3%. The LRPR cannot constrain the size of the buried objects in the y-direction because of the limited synthetic aperture in this direction. However, assuming the high-density material in the y-direction has a mean length of 30 cm, the volume fraction of those rocky regions may be constrained. According to Shen et al. [17], the beamwidth of the antenna element E plane (perpendicular to array direction) is 70°. The height of the antenna array is ~88 cm. This means that, in the y-direction, the footprint of each antenna has a size of 1.23 m on the lunar surface. Based on the imaging result on the x–z plane and the assumed size in the y-direction, the volume fraction of high-density material is roughly estimated to be ~0.7%. Since there are some false recognitions and some rocky regions consisting of small rock fragments, 0.7% is an upper boundary for those rocks larger than decimeters.




6. Conclusions


In this study, we process the LRPR data to study the regolith structure at the CE-5 drilling site. Radar images show that the local regolith is composed of fine-grained material, with several high-density zones identified within a 2 m depth. The boundary between the regolith and the bedrock is not evident and is therefore likely at a deeper depth than could be sensed by the LRPR instrument. The high-density zones are either rocks or aggregate fragments. Based on the pre-flight ground test [3,5,21] and the FDTD modeling result in this study, we believe that the positions of these rocky regions are retrieved well in the radar image. Our analyses, combined with the studies from Liang et al. [16], reveal that the drill penetrated two aggregate fragment regions at ~30 cm and ~70 cm depths, and a rock fragment from the region at 70 cm depth might have obstructed the drill and terminate the drilling and coring process.
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Figure 1. (a) Location of the CE-5 landing site (marked by a red cross). The base map is the Lunar Reconnaissance Orbiter (LRO) Wide-Angle Camera (WAC) image mosaic. (b) The CE-5 lander captured by LRO Narrow-Angle Cameras (NAC) on 2 December 2020 (NAC image ID: NAC_DTM_CHANGE501_M1374421274LE_100CM). 
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Figure 2. Schematic diagram of the antenna array from a side view (a) and a bottom view (b). Antennas #1 to #10 are aligned along one edge of the lander’s bottom, with the drill mounted between antennas #7 and #8. Antennas #11 and #12 are mounted separately. The longest dimension of the antenna array is 1.518 m. 
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Figure 3. (a) Waveform of the first trace of pre-drilling observation data. The reflection from the cable–antenna interface contaminates the signal after 50 ns. (b) The radargram of pre-drilling data. (c) The radargram of one of the background measurement data. The strongest signals in the radargram are direct waves and ground-reflected waves. 
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Figure 4. (a) Comparison of a single trace before and after background removal (BR). (b) Radargram of the observation data after processing. (c) Wiggle form of the observation data after processing. The red and green lines indicate the theoretical arriving time of direct waves and ground-reflected waves. These figures show that low-frequency system noise, direct current bias, and the direct waves in the raw signals are removed after data processing. 
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Figure 5. (a) Imaging result of the pre-drilling data. (b–d) Imaging results of the other three post-drilling data. The vertical dotted lines in these images indicate the drilling trajectory of the drill. The horizontal dashed lines in Figure 5a show the position of ground reflection. The background with low intensity represents lunar soil with uniform density, while high intensity in these figures indicates strong radar echoes from buried objects denser than lunar soil. The three post-drilling imaging results are almost identical. There is a little difference between the pre-drilling and post-drilling results. 
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Figure 6. (a) Structure diagram of regolith under the CE-5 lander. The black color indicates the approximate extent of rocky regions in the regolith. The dotted line indicates the drilling trajectory of the drill. (b) Lunar surface image obtained by LCAM just before the lander touched the Moon. The dashed line represents the projection of antennas #1 to #10 on the lunar surface. Black arrows indicate two examples of aggregate fragments. The positions of lander center and drilling point are determined according to the work from Zheng et al. [1]. 
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Figure 7. (a,b) demonstrate the landscape near the CE-5 landing site, taken by the PCAM onboard the CE-5 lander. 
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Figure 8. (a) Radargram of raw data simulated by FDTD. (b) Modeled data after bandpass filtering and background removal. (c) Wiggle form of the simulated raw data. (d) Wiggle form of the simulated raw data after bandpass filtering and background removal. The red and green lines indicate the theoretical arriving time of direct waves and ground-reflected waves. The simulated raw data and data after processing are comparable with the lunar data shown in Figure 4. 
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Figure 9. (a) Imaging result of the FDTD simulation data. (b) Geometric mean of four lunar measurements illustrated in Figure 5. The positions and extent of strong radar echoes in the FDTD model are very similar to that in the lunar data, indicating that our inference of the subsurface structure of regolith at drilling site is reasonable. 
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Figure 10. (a) Input scenario for FDTD model with an assumed boundary between regolith and bedrock at 1.5 m. (b) Imaging result of the FDTD model. Strong radar echoes can be found at the regolith/bedrock interface. 
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