

  remotesensing-14-04556




remotesensing-14-04556







Remote Sens. 2022, 14(18), 4556; doi:10.3390/rs14184556




Article



New Insights into Surface Deposits in the Balmer-Kapteyn Cryptomare Region Provided by Chang’E-2 Microwave Radiometer Data



Tianqi Tang 1,2, Zhiguo Meng 1,2,*[image: Orcid], Yi Lian 3, Zhiyong Xiao 4[image: Orcid], Jingsong Ping 5,6, Zhanchuan Cai 2[image: Orcid], Xiaoping Zhang 2[image: Orcid], Xuegang Dong 1[image: Orcid] and Yuanzhi Zhang 5,6[image: Orcid]





1



College of Geoexploration Science and Technology, Jilin University, Changchun 130026, China






2



State Key Laboratory of Lunar and Planetary Sciences, Macau University of Science and Technology, Macau 999078, China






3



College of Geographic and Environmental Sciences, Tianjin Normal University, Tianjin 300387, China






4



Planetary Environmental and Astrobiological Research Laboratory, School of Atmospheric Sciences, Sun Yat-sen University, Zhuhai 519000, China






5



Key Laboratory of Lunar and Deep-Space Exploration, National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100101, China






6



School of Astronomy and Space Science, University of Chinese Academy of Sciences, Beijing 100049, China









*



Correspondence: mengzg@jlu.edu.cn; Tel.: +86-186-4306-2191







Academic Editor: Christian Wöhler



Received: 4 July 2022 / Accepted: 8 September 2022 / Published: 12 September 2022



Abstract

:

Lunar cryptomare records both early-stage mare volcanisms and large-scale impact cratering, which can provide important information about the thermal evolution of the Moon. We built a mixing dielectric constant model to represent the cryptomare deposits mixed by highland debris and mare deposits, and the proper radiative transfer simulation was constructed to evaluate the thermal emission features of surface deposits in the cryptomare region. The microwave radiometer (MRM) data in the Balmer-Kapteyn region were extracted, and the linear interpolation method was used to generate brightness temperature (TB) maps at noon and at night. To enhance the correlation between cryptomare deposits and TB performances, normalized TB (nTB) and TB difference (dTB) maps were also generated. Combined with the datasets, including Lunar Reconnaissance Orbiter Wide Angle Camera, Lunar Orbiter Laser Altimeter, and Diviner and Clementine UV–VIS, the main findings are as follows: (1) The mare-like cryptomare deposits were discovered and identified according to the nTB and dTB performances. Combined with the surface compositions, at least two kinds of buried mare deposits were identified in the B-K region, which erupted during different episodes. (2) A construct-like volcanic feature was suggested by the nTB and dTB performances. (3) The results of our analysis indicated the presence of materials with low dTB anomalies in the northern and southwestern parts of the cryptomare region and in the mare unit within the Vendelinus crater, which illustrates the heterogeneity of the lunar crust in the vertical direction.
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1. Introduction


Cryptomare is composed of mare basalt deposits that were buried or obscured by higher albedo materials ejected from basins or craters [1,2]. Cryptomare was formed by early basaltic volcanism primarily from 3.8 Ga to 4.35 Ga, and its formation history is critical for better understanding the lunar thermal and volcanic evolution, mantle convection, and magma ocean solidification of the Moon [2,3,4,5,6,7]. Thus, the identification of cryptomare is always an important objective of lunar study.



The major defining criteria of the cryptomare region are the ancient mare basalt deposits covered by later impact ejecta, which were then excavated by an impact cratering process. The size and distance of the crater or basin assumed to be the source of the ejecta can be used to classify cryptomare into four types: Copernicus-type, Balmer-type, Proximal basin ejecta-type, and Distal basin ejecta-type [2,5]. In previous studies, the identification of cryptomare deposits had been mainly based on the presence of a dark-haloed crater (DHC) with the impact origin, exposing the mare deposits underlying the surface ejecta and distributed around the crater as a dark halo [6,8,9]. The distribution of the DHC is employed to delineate the range of the cryptomare region [2,10]. However, the main challenge for identifying the cryptomare region is the shadow effect, which may create the visible “dark halo” and lead to the misidentification of DHC in visible images [11]. Moreover, space weathering also presents a challenge for identifying DHCs, because this process alternates surface albedo with time [12]. Schultz and Spudis [3] noted that the albedo contrasts between impact melts and ejecta deposits decrease rapidly with time, resulting in the misidentification of impact melts as basaltic dark halos. Thus, it is difficult to completely map the cryptomare region with the optical data.



To aid in identifying surface deposits in the cryptomare region, the geochemical and mineralogical anomalies are introduced [2,4,6,7,13,14]. Based on Fe concentrations derived from the data from the Apollo gamma-ray spectrometer (GRS) [15], Antonenko et al., [2] noted that Fe values were higher in the cryptomare region than in its vicinity. In addition, using the half-degree FeO abundance reckoned with lunar prospector (LP) GRS data during the low-altitude portion of the mission [16], it was suggested that the surface deposits have a strong correlation with the enhanced FeO values in the typical cryptomare regions as the Lomonosov-Fleming (L-F), Schiller-Schickard (S-S), Mendel-Rydberg (M-R), and Balmer-Kapteyn (B-K) regions [3,5,17,18], whereas the ability to identify surface deposits in the cryptomare region is still limited with GRS data for the poor spatial resolution.



New methods have been explored to evaluate the surface deposits in the cryptomare region. Campbell and Hawke [9] outlined the extent of the cryptomare region in the east of the Orientale basin using ground-based radar data. Sori et al., [19] attempted to assess the relationship between the positive Bouguer gravity anomalies and the cryptomare region with Gravity Recovery and Interior Laboratory (GRAIL) data. The development of new data sources and analysis methods is indispensable for studying the nature of the surface deposits in cryptomare regions.



In China’s Chang’E (CE)-1/2 missions, a microwave radiometer (MRM) was brought onboard the satellite to passively measure the brightness temperature (TB) of the regolith. The penetration depths of the MRM data can be up to several meters below the surface [20,21]. The sensitivity of MRM data to the thermal emission features of the regolith at the penetration depth has been proven; the data provide a good description of the surface deposits in the vertical direction [21,22,23]. Combining the data from the Lunar Reconnaissance Orbiter (LRO) Diviner data and the Lunar Orbiter Laser Altimeter data, Siegler et al., [24] and Feng et al., [25] also suggested that the CE-2 MRM data are sensitive to the loss tangent of the regolith, which is positively correlated with the ilmenite content of the substrate materials on the lunar surface [26]. Thus, MRM data provide a new way to assess the distribution and dielectric properties of cryptomare deposits, which was the motivation for this study.



Until now, cryptomare deposits have been discovered in the Balmer-Kapteyn (B-K), Schiller-Schickard, Lomonosov-Fleming, and Mendel-Rydberg regions, exhibiting extensive and continuous distribution [6]. The cryptomare deposits in the B-K region have been thoroughly studied with multiple spacecraft images, including Lunar Orbiter data, Clementine multispectral data, and LP-GRS data [5,7]. Therefore, the B-K region was selected as the study area to evaluate the use of MRM data for identifying cryptomare deposits. Some new viewpoints on the following questions are proposed: (1) Can the CE-2 MRM data identify cryptomare deposits in the B-K region? (2) What are the microwave thermal emission features of the surface deposits in the cryptomare region? (3) What geological implications can potentially be postulated by MRM data with penetration ability in the cryptomare region?




2. Numerical Simulation


To better understand the TB performances of the deposits in the cryptomare region, a layered regolith model and the corresponding microwave radiative transfer equations are constructed in this section.



2.1. Radiative Transfer Simulation of Cryptomare Deposits


When studying the TB performances of cryptomare deposits, it is important to first construct a proper layered regolith model. Until now, the commonly used models have been the two-layer models, including the regolith and the rock layers [22,27,28,29].



In the B-K region, the thickness of the surface impact ejecta in the cryptomare region is at least 33 m [7], which is beyond the penetration depth of the microwave used by the MRM instrument. Thus, a one-layer model with infinite depth is employed to construct the radiative transfer model, which is an extension of the two-layer model (Figure 1a) [24,25,30].



An expression for the model is as follows [30]:


  d T  B p  = ( 1 −  r p  )  k α   ( z )  T  ( z )  s e c  θ 1   e  −   ∫  0 z   k  α 1    (   z   ’       )  s e c  θ 1  d  z   ’        d z  



(1)




where θ0 and θ1 are the incident angles, as shown in Figure 1a; rp is the reflectivity of the free air and the regolith layer interface, p = h; v represents the horizontal or vertical polarization, which is expressed as:


   r h  =    |    c o s  θ 1  −    ε 1  −   s i n  2   θ 1      c o s  θ 1  +    ε 1  −   s i n  2   θ 1       |   2   



(2)






   r v  =    |     ε 1  c o s  θ 1  −    ε 1  −   s i n  2   θ 1       ε 1  c o s  θ 1  +    ε 1  −   s i n  2   θ 1       |   2   
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where    ε 1    is the relative dielectric constant of the regolith.



Kα(z) is the absorption coefficient of the regolith, which is given by:


   k α   ( z )  = 2 I m ( 2 π f    μ 0   ε 1   ε 0    )  



(4)




where f is the frequency; μ0 stands for the vacuum permeability; ɛ0 stands for the dielectric constants of the vacuum.



The dielectric constant of the regolith is a key parameter for obtaining the reflectivity and absorption coefficient and is essential for evaluating the cryptomare deposits. After studying the excavated mare deposits surrounding the DHCs, Hawke et al., [5] suggested that dark halos may be contaminated by variable amounts of highland debris. Thus, considering the widely distributed impact craters and the degradation of DHCs, we hypothesize that the cryptomare deposits are a mixture of highland debris and mare deposits. Additionally, enhanced ferrous abundances are thought to be the key measure for identifying cryptomare deposits, indicating that the mixture of the highland debris and the mare deposits is widely distributed in the cryptomare region [5,6]. The mixing model for the dielectric constants developed by Berryman [31] is employed in this study; it was also used by Hu et al., [32] to evaluate the dielectric constant of regolith mixing with rocks. The expression is expressed as follows.


     ε  mare   −  ε 1     ε  mare    + 2   ε 1    * v +    ε  highland   −  ε 1     ε  highland   + 2  ε 1    * ( 1 − v ) = 0  



(5)




where v stands for the fraction of the mare deposits;    ε  mare     and    ε  highland     are the dielectric constants of the mare deposits and the highland debris, respectively, which comprise the real part    ε  mare  ’    and    ε  highland  ’    and the imaginary part    ε  mare   ’ ’     and    ε  highland    . The dielectric constant model proposed by Carrier et al., is widely used in calculating the dielectric properties of the regolith [22,23,33], which is also used in this study as follows [26]:


   {     ε ’  =  1.919  ρ  ( z )         ε  ’ ’   =  ε ’  ×  10  0.038 S + 0.312 ρ  ( z )  − 3.260        



(6)




where S is the (FeO + TiO2) abundance (wt.%). The real part of the dielectric constant ε’ is determined by the deposit density, ρ, where the hyperbolic density model is employed and is similar to the mare deposits and highland debris. The main difference is in the imaginary part ε’’, where the S of mare deposits is much higher than that of highland debris.



T(z) is the temperature profile in the regolith, obtained by solving the thermal conduction model [29]. The 1-D thermal conduction model describes the relationship between the dynamic temperature distribution T(z,t) (K) and the density ρ(z,T) (kg m−3), heat capacity c(z,T) (W kg−1 K−1), and thermal conductivity K(z,T) (W m−1 K−1) of a semi-infinite medium, which is expressed as follows.


  ρ ( z , T ) C ( z , T )   ∂ T   ∂ t   =  ∂  ∂ z    [  K ( z , T )   ∂ T   ∂ z    ]   



(7)




where t represents the time.



Information about the cryptomare deposits in the vertical direction has been limited, and we assume that the mixing of highland debris and mare deposits is homogeneous, at least within the penetration depth of the MRM microwave. According to the TB performances in Regions C and R (two typical regions mentioned in Section 4.2), as shown in the following Figures, this assumption is reasonable.




2.2. Simulation Results of Cryptomare Deposits


The observation angle of the MRM instrument is 0° [20,21]; that is, θ0 and θ1 are both 0°. Assuming that uncontaminated buried mare deposits average 18 wt.% FeO and 1.0 wt.% to 2.5 wt.% TiO2 and that the local highlands average 5.2 wt.% FeO and 0.5 wt.% TiO2 (which is assessed by Hawke et al., [5]), the change in TB with the mixing fraction of mare deposits and highland debris can be simulated using Equation (1) (Figure 1b,c).



Figure 1b shows the change in the simulated TB with the mixing fraction at noon, and Figure 1c shows it at night. Here, the upper boundary at noon and the lower boundary at night are the simulated TB with 18 wt.% FeO and 2.5 wt.% TiO2, and the lower boundary at noon and the upper boundary at night are the simulated TB with 18 wt.% FeO and 1.0 wt.% TiO2 at the TB belt of each frequency.



Figure 1b,c provide a new description of the TB performances of cryptomare deposits as follows. With the increase in the mare deposit fraction, TB increases at noon and decreases at night. The daytime TB at high frequency is higher than that at low frequency, while the nighttime TB at high frequency is lower than that at low frequency. This is a normal feature of TB in mare deposits, similarly as TB performances in Mare Imbrium and Mare Rümker regions [22,34]. Moreover, the nighttime TB in the cryptomare region with mixed mare deposits and highland debris should be lower than that in highland debris but higher than that in pure mare deposits and vice versa at daytime. The higher TB of mare deposit at noon and lower TB during the night compared with the highland debris agree well with the calculated thermal properties by Feng et al., [25], who proposed that the loss tangent of the dielectric constant of the surface deposits is higher in the maria than in the highlands.



This point is important for understanding the TB performances of the surface deposits in the B-K region and the findings regarding the mare-like cryptomare deposits and special materials with strong heat capacity in the following discussions.



Hawke et al., [5] concluded that the surfaces of the cryptomare deposits in the B-K region contain 14% to 53% mare deposits. Figure 1b,c show that in this mare deposit fraction range, the noon TB monotonously increases approximately 0.4–0.6 K at 3.0 GHz, 1.3–1.7 K at 7.8 GHz, 3.5–4.7 K at 19.35 GHz, and 6.9–9.0 K at 37 GHz, while the nighttime TB monotonously decreases by approximately 0.8–1.1 K at 3.0 GHz, approximately 2–2.6 K at 7.8 GHz, approximately 4.4–5.7 K at 19.35 GHz, and approximately 7.7–10 K at 37 GHz. Therefore, the cryptomare deposits can theoretically be detected by the MRM instrument. However, using the Chandrayaan-1 Moon Mineralogy Mapper (M3) data, Whitten and Head [6] found that many cryptomare regions did not have an enhanced mafic signature in the regolith because thicker ejecta deposits prevented substantial vertical mixing between the superposed ejecta and the underlying volcanic unit [35]. This would be an issue for evaluating cryptomare deposits with MRM data.



Moreover, Fang and Fa [36], Hu et al., [32], and Meng et al., [33] suggested that MRM data are strongly influenced by surface topography and rock abundances, in addition to the mafic fraction of the surface materials. Thus, the evaluation of cryptomare deposits with MRM data should be seriously considered.




2.3. Penetration Depth


Since the brightness temperature from the lunar surface is the cumulative contribution of thermal emission at different depths, the penetration depth is important for analyzing the observed TB [37]. The penetration depth of the microwave depends primarily on its wavelength and the complex dielectric constant of the lunar regolith, which can be expressed as follow [37,38]:


   d 0  =   λ    ε ’      2 π  ε ”     



(8)




where d0 represents the penetration depth; λ is the wavelength.



Thus, Fa [37] suggested that the penetration depth is about 5 to 17 times of the used wavelength in maria regions, with an average value of about 10. Moreover, when studying the lunar surface using the ground-based radar, Campbell et al., [39] proposed that the penetration depth of the microwave signals is about 10 to 20 times of the used wavelength, which depends on the (FeO + TiO2) abundance of the surface deposits.



Thus, the penetration depth of the microwave signal is about 10 to 20 times of the used wavelength in the B-K region. The wavelength of the microwave used by the MRM instrument is 10 cm at 3.0 GHz, 3.85 cm at 7.8 GHz, 1.55 cm at 19.35 GHz, and 0.81 cm at 37 GHz. Correspondingly, the penetration depth is about 1 m to 2 m at 3.0 GHz, 38.5 cm to 75 cm at 7.8 GHz, 15.5 cm to 31 cm at 19.35 GHz, and 8.1 cm to 16.2 cm at 37 GHz, which is decided by the (FeO + TiO2) abundance (FTA) of the lunar regolith.



The penetration depths of the wavelength well postulate the TB behaviors, e.g., the TB variations are higher at 37 GHz than those at other channels, because the microwave at 37 GHz has a lower penetration depth. Correspondingly, the 37-GHz TB is sensitive to the regolith parameters in the top layers, including the surface temperatures, through a whole lunation.





3. Data Processing


3.1. Study Area and Regional Geology


The B-K region, ranging from 8°S to 28°S and from 60°E to 76°E, is located east of Mare Fecunditatis (Figure 2a). The B-K region is a pre-Nectarian impact structure with two topographic rings, approximately 225 km and 450 km in diameter, respectively [5].



The B-K region contains one of the largest cryptomare deposits [5,6] on the Moon. Noting the presence of DHCs, the association with mafic geochemical anomalies, and the presence of a significant component of mare basalt in high-albedo surface units, Hawke et al., [5] determined the distribution and extent of the cryptomare deposits in the B-K region (Figure 2b). All the cryptomare regions are located within the outer ring of the B-K basin in a cross-hatched pattern, and the inner ring is wholly underlined by the mare deposits. The B-K cryptomare region was mainly formed by basin impact ejecta, including Mare Serenitatis and Mare Smythii [6]. Additionally, the cryptomare surfaces in the northern portion were contaminated by discontinuous highland-rich ejecta from the Langrenus (61.0°E, 8.9°S) and La Pérouse (76.3°E, 10.7°S) craters, while in the southern portion, the cryptomare surfaces were contaminated by highland-rich ejecta mainly from the Petavius (60.5°E, 25.2°S), Palitzsch B (68.4°E, 26.4°S), and Humboldt (81.0°E, 27.0°S) craters [5].




3.2. TB Map Generation


The MRM data were obtained from the CE-2 satellite, orbiting the Moon from October 2010 to June 2011 at an altitude of ~ 100 km [21,40]. The MRM instrument obtained a total of approximately 3650 observation records in one orbital period (118 min), of which 1825 observation records were obtained from south to north; the same number of observation records was obtained on the other orbit from north to south. The MRM instrument operated at 3.0 GHz, 7.8 GHz, 19.35 GHz, and 37 GHz, reflecting the microwave thermal emission features of the lunar regolith within the penetration depth, at approximately 10 to 20 times the wavelength used [34,39]. The observation angle of the instrument was 0°. The radiometric sensitivity of the MRM data was better than 0.5 K [21].



The 2C-level MRM data were used in this study and geometric correction and radiometric calibration were performed on the raw data [21,22,40]. The data were stored in PDS format, comprising the observation time, four-channel TB values, solar azimuth and incident angles, longitude, latitude, orbit elevation, and data quality. Measurements in each track were stored in a single file. Each file contains a header and a table of measured data. The header provided background data information and described the meaning of every table column.



In the B-K region, the change in TB was approximately 4 K at 3.0 GHz, 9 K at 7.8 GHz, 24 K at 19.35 GHz, and 51 K at 37 GHz in a lunation, which was much greater than that brought by the surface materials, approximately 2.9 K at 3.0 GHz, 3.5 K at 7.8 GHz, 4.2 K at 19.35 GHz, and 4.4 K at 37 GHz at noon along the latitude (sampled at 14°S). Thus, it is necessary to transcribe the MRM data points into 24 local lunar hours to comparatively enhance the TB variation with surface materials [20,21,36]. The local time of each MRM record was expressed as the relative position of the Sun with respect to the celestial sphere using the Lunar Equatorial Coordinate System (LECS) instead of the Horizon Coordinate System (HCS). The hour angle, h, can be obtained by the transforming the HCS, and the LECS is expressed as follows [20]:


  t a n   h = s i n   α   s i n   i / ( c o s   α   c o s   i - s i n   φ   c o s   α   c o s   i )  



(9)




where i is the solar incident angle, α is the solar azimuth angle, and  φ  is the latitude, which can be read from the header of the original MRM file.



According to the calculated hour angles, the data points were divided into 24 intervals corresponding to 24 h in a lunation. The data points from 4:00 to 5:00, 6:00 to 7:00, 9:00 to 10:00, 11:00 to 12:00, 13:00 to 14:00, 17:00 to 18:00, 20:00 to 21:00, and 22:00 to 23:00 were sufficient to generate TB maps covering the whole B-K region. In this study, the data points from 11:00 to 12:00 and from 22:00 to 23:00 (as shown in Figure 3) are used to map the B-K region at noon and night, representing two nearly extreme values over the lunar surface.



Figure 3 shows that the original spatial resolution of the selected MRM data points at a one-hour angle was approximately 1° in the direction of longitude and very high in the direction of latitude. Moreover, the change in TB along the direction of latitude was much less than that along the direction of longitude. Thus, the Delaunay triangulation linear interpolation method [41] was used to generate TB maps of the B-K region with a spatial resolution of 0.25° × 0.25° (Figure 4), and the data points at other hourly angles were used as references to validate the TB behaviors of the surface deposits in this study. In Figure 4c,d, the RMSE is 2.573 for daytime and 3.060 at night, indicating that the interpolated data well represent the observation data. Moreover, Cai and Lan [40] and Zheng et al., [21] provided the global TB maps using the CE-2 MRM data, which show the approximate data range in the B-K region. Further, Figure 4 shows that the TB performances in the Langrenus, Petavius, and La Pérouse craters are clearly different from their surrounding regions, illustrating the reasonableness of the TB maps in geography. Thus, the interpolated TB maps are rational.



However, one disadvantageous phenomenon should be mentioned: the change in TB in the direction of longitude was considerably large, much larger than that exhibited by the difference in the regolith components indicated by the TB values along the same latitude (Figure 4). The latitude-dependent TB variations must be weakened before applying the TB maps to understand the surface deposits in the B-K region.




3.3. Normalized TB (nTB) Maps


The normalized TB, referred to as nTB, was defined by Meng et al., [34], and is applied to weaken the variations of the TB in the direction of longitude [22,33,34].



To obtain the nTB, the standard TB (sTB) at each latitude was first calculated, which was expected to obtain the TB points observed under similar surface conditions. Then, the specific surface conditions, or the criteria for the selection of surface areas to calculate the sTB, for selecting MRM data points were designated using the following criteria: 12% < FTA < 15%; surface slope < 2°; and rock abundance (RA) < 0.005. The FTA, surface slope, and RA data were generated with the Clementine UV–VIS data, LRO LOLA, and Diviner data, respectively. Then, a series of sampling TB points (TB(φ1), ……, TB(φn)) conforming to specific surface conditions were selected. Next, a degree-seven polynomial fitting scheme was adopted to describe the general variation of TB versus the latitude at each channel and each time,


  s T B ( φ ) = a +  a 1  * φ +  a 2  *  φ 2  +  a 3  *  φ 3  +  a 4  *  φ 4  +  a 5  *  φ 5  +  a 6  *  φ 6  +  a 7  *  φ 7   



(10)




where φ is the latitude, and a, a1, a2, a3, a4, a5, a6, and a7 are constants obtained based on the sampling MRM data points. Here, the fitted value is defined as the sTB(φ) of the corresponding latitude φ. Finally, the nTB maps at noon and night can be determined by the following expression:


  n T B ( ξ , φ ) = T B ( ξ , φ ) / s T B ( φ )  



(11)




where ξ is the longitude. Figure 5 and Figure 6 are the generated nTB maps at noon and night, respectively. Here, the definitions of the nTB and sTB are suitable for the whole Moon surface.



To better understand TB performances, the sketched geological map of the B-K region (Figure 2b) created by Hawke et al., [5] was vectorized and overlaid on the generated maps. Figure 5 and Figure 6 show that the latitude-dependent effects of TB were clearly weakened compared with the TB maps in Figure 4, where the values were almost the same along the longitude except for large craters and cryptomare regions. Additionally, the correlation between the mare materials and nTB performances was relatively enhanced, which is clearly illustrated by the daytime nTB of the mare unit within green lines. Compared with the TB maps, many more regions exhibited distinct nTB performances.



Figure 4 shows that the change in the 37-GHz TB in the direction of latitude was more than 20 K both at noon and at night, which was much larger than that in the direction of longitude with similar solar illumination. In Figure 5 and Figure 6, the change in the nTB in the direction of latitude was weakened. Additionally, the change in the nTB in the direction of latitude was similar to that in the direction of longitude, also indicating that the variation in the nTB in the direction of latitude is effectively weakened. The nTB maps provide a different view of the surface deposits in the B-K region compared with the optical images.




3.4. TB Difference (dTB) Maps


The TB difference, referred to as dTB, is defined as the difference between the noon and the night TB values; it has also been shown to be sensitive to the dielectric properties of the regolith [22,34]. The dTB maps were obtained by subtracting the night TB values from the noon TB values at the same frequency (Figure 7).



Compared with the TB maps, the latitude-dependent effect was also substantially weakened in the dTB maps, which was clearly illustrated by the values along the longitude beyond the cryptomare region. To date, MRM data have not been employed to evaluate cryptomare deposits on the Moon. Thus, it is difficult to evaluate the reasonableness of the generated maps. Interestingly, Figure 7d shows that the dTB values were well limited within the Langrenus crater, La Pérouse crater, Palitzsch crater B, and several other craters, where the crater rims were also the boundaries of the relatively higher and lower nTB values corresponding to the enhanced and decreased solar illuminations. This suggests the appropriateness of TB values in geographical positions.



Here, two issues should be mentioned.



The first issue is the choice of observation time for generating the dTB maps. According to the definition, dTB maps can be generated with the original TB datasets at two different observation times. We generated dTB maps at the other two times and they yielded a similar description of the surface deposits, as shown in Figure 7. This again indicates that the generated TB and dTB maps were reasonable.



The second issue is the calibration problem of the MRM data. Hu et al., [42,43], Wei et al., [44], and Yang et al., [45] calibrated the data, respectively, indicating that the MRM data are rational in general. Here, we mentioned that the noontime nTB in the Langrenus, La Pérouse, Phillips, and Kapteyn craters (70.6°E, 10.8°S) was relatively higher on the western slope oriented toward solar illumination (heated in the morning) and colder on the eastern slope. Moreover, as discussed in the following sections, the TB performances in Region C were similar to those in the regions with mare deposits [34] and those in Region R were similar to those in regions with abundant rocks [33]. Thus, comparatively, the nTB and dTB maps imply for both in locating geographical positions and in representing the surface deposits and can be used to evaluate the complex cryptomare deposits in the B-K region.



Additionally, although the original spatial resolution of the selected MRM data points was approximately 1° along the latitude, the appropriateness of the nTB and dTB maps suggests that the data processing methods and the instrument calibrations have a negligible impact on reassessing the surface deposits in the B-K region using the MRM data.





4. Results


Because microwave data are highly sensitive to the temperature and compositions of the regolith within the corresponding penetration depth, the MRM data provided a new view of the surface deposits in the mare units, the cryptomare units, and the highland materials referring to the geological units identified by Hawke et al., [9].



4.1. Mare Unit


The mare unit is mainly distributed in the Vendelinus crater (61.5°E, 16.5°S) and the Holden crater (62.5°E, 19.2°S), which have lower reflectance and high (FeO + TiO2) abundance (FTA) values [9]. In the mare unit, Figure 5 shows a relatively high nTB at noon in the central part of Vendelinus crater, while the nTB is relatively low at 3.0 and 7.8 GHz at night, and it is similar to that in the nearby regions at 19.35 GHz and 37 GHz, as shown in Figure 6. The dTB performances of the mare unit corresponded to its nTB performances, where the values are nearly highest at 3.0 and 7.8 GHz, but they are as low as those of nearby regions at 19.35 and 37 GHz, as shown in Table 1.



The nTB and dTB performances highlight the first problem in this study. Here, the TB performances belonged to the mare units with the highest FTA in the B-K region [9]. According to the simulation results, the TB of the FTA-rich regolith should be higher than that of the FTA-poor regolith at noon but lower at night. The nTB and dTB behaviors at 3.0 and 7.8 GHz agree with the theoretical simulation. However, the TB performances at 19.35 and 37 GHz do not coincide with the theoretical simulation. The causes of the abnormal TB performances at 19.35 and 37 GHz will be analyzed in Section 5.2.



Additionally, two issues should be mentioned.



First, the extent of the region with high daytime nTB decreases greatly in the 3.0 GHz map compared with the 37 GHz map, meaning that the dielectric properties of the regolith decrease greatly in the vertical direction compared with those with constantly high nTB values.



Second, the range indicated by the high nTB and dTB performances is much narrower than that found with the optical data by Hawke et al., [5], meaning that the dielectric properties of the regolith change greatly in the lateral direction.



The two phenomena can be explained by the fact that the B-K region experienced multiple ejecta coverings from different sources [5], implying that the surface deposits in the B-K region are rather complex.




4.2. Cryptomare Unit


The cryptomare unit consists of mare deposits covered by the impact ejecta. Thus, it has no apparent visible features.



Figure 5, Figure 6 and Figure 7 show the complex TB performances of the cryptomare deposits. Compared with the visible result with limited penetration ability and the LP-GRS result with low spatial resolution, the nTB and dTB maps show an inhomogeneous distribution of the surface deposits, because the high and low values occur irregularly in the cryptomare region, except in the central regions marked C and R, indicating the inhomogeneity of the surface deposits in the lateral direction. Comparatively, there are apparent changes in the nTB and dTB maps with frequency, except in the central regions marked C and R, indicating clear variations in the surface deposits in the vertical direction. Here, Region C was outlined based on the 48-K contour and Region R was outlined based on the 52-K contour in the 37-GHz dTB map.



In the cryptomare unit, the regular TB performances occur in the central part marked C, which indicates relatively high nTB values at noon, relatively low nTB values at night, and relatively high dTB values. Similar TB performances are also found in the basaltic deposits of the Maria Imbrium, Moscoviense, Apollo Basin, and Rümker regions (Figure 8) [22,34].



Therefore, the material in Region C appears to be mare deposits. In other words, a mare deposit is found in the cryptomare region; the genetic mechanism and the geological meaning of which is the first topic that will be addressed in the following section.



The variation in the values in Region C is relatively small in the four channels and in the spatial domain, indicating that the deposits in Region C are homogeneous in the vertical and lateral directions. Although the TB proximate to Region C exhibits similar performances, the dTB values at 37 GHz are clearly lower than those in Region C, indicating the vertical inhomogeneity of the regolith in the surrounding area.



Referring to Region C, the TB performances are discretely different in the northern part near the Langrenus crater, in the southwestern part near the Petavius crater, and in the region marked R.



The nTB in the northern area (named Region N) between the Langrenus and Kapteyn craters is nearly the lowest at noon and relatively high at night, especially at the 19.35 and 37 GHz maps. In the dTB maps, the values are similar to those in Region C at 3.0 GHz, slightly lower than those in Region C at 7.8 GHz, and much lower than those in Region C at 19.35 and 37 GHz, as shown in Table 2.



In the southwestern area (named Region SW), the nTB at noon is highest at 3.0 GHz and second highest in the other channels; at night, it is second highest at 3.0 and 7.8 GHz and highest at 19.35 and 37 GHz. The dTB performances were complex: only at 19.35 and 37 GHz does it homogeneously postulate the lowest values (Table 2).



Here, we noted that the 19.35- and 37-GHz TB performances are unique in the northern and southwestern areas and even in the mare unit, the reason for which will be further discussed in the following section.



In Region R, at daytime, the nTB is relatively low at 3.0 and 7.8 GHz, similar at 19.35 GHz, and is clearly higher at 37 GHz compared with that of the nearby regions. The nTB at night is clearly lower and the dTB is apparently higher than that in the vicinity (Table 2). Interestingly, such TB performances also are observed in the Necho, King, and Giordano Bruno craters and in the Vavilov crater (Figure 9) [33], where they are attributed to the existence of rocks because of the strong correlation between TB anomalies and high rock abundances. This hypothesis is also verified by the theoretical simulation by Meng et al., [33]. Thus, evidence suggests there are abundant rocks in Region R. If that is the case, the origin of the rocks and their geological significance should be discussed.



The abovementioned three phenomena have not been mentioned in previous studies, indicating the unique ability of MRM data to advance our understanding of the surface materials within the cryptomare unit.




4.3. Highland Materials


The highland materials are mainly distributed in the eastern part of the B-K region, mainly from 14 °S to 22 °S, excluding the impact ejecta from the La Pérouse and Phillips craters. At noon, the nTB is higher in the eastern part than in the western part, as shown in Table 3. At night, the four-channel nTB is higher in the eastern part than in the western part. However, the dTB is higher in the eastern part than in the western part (Table 3). The nTB and dTB of this kind have not been found in other regions of the Moon, which will be further studied in the future.



The nTB is relatively lower in the eastern rim of the Langrenus crater, the northern and eastern rims of the La Pérouse crater, and the northern rim of the Phillips crater both at noon and at night. This TB performance is similar to that in the Tycho and Jackson craters [33], indicating the influence of the surface topography on the nTB performances. Thus, the influence of the topography should be considered in evaluating the nTB performances of the surface deposits. We also found that the aforementioned phenomena are fairly weakened in the dTB maps. In particular, the northern rim of the Phillips crater exhibited high dTB values, indicating that the influence of the surface topography on the dTB performance is limited.



Thus, the nTB maps were employed to evaluate the thermal emission features of the surface deposits, with the surface topography taken into account, and the dTB maps were employed to characterize the distribution of the surface deposits.





5. Discussions


5.1. A New View of the Surface Deposits in the B-K Region


5.1.1. Mare-Like Cryptomare Deposits


In the previous analysis, we were convinced of the existence of mare deposits in Region C based on the nTB and dTB performances. However, Hawke et al., [5] and Wang and Qiu [7] both proposed that the thickness of the surface coverage by the highland materials was at least 33 m in the B-K region, which is much larger than the penetration depth of the MRM (at most 2-m penetration depth). So, how can we explain the finding regarding the mare deposits in Region C?



To answer this question, the difference between the optical and the microwave data should be noted. Compared with the optical data, which are sensitive to the color or tone of the surface, microwaves are sensitive to the dielectric features of the surface deposits at the penetration depth. In Region C, although the whole B-K region is covered by bright highland deposits, Hawke et al., [5] concluded that the cryptomare deposits surrounding the DHCs contain 30% to 53% mare materials with higher FTA. Additionally, Huang et al., [35] postulated that the distantly sourced particles delivered via ballistic transportation of ejecta from distal impact craters are important components of the lunar regolith. When ejecta land on the target surface, local materials are excavated by and mixed with the ejecta by ballistic sedimentation processes [47]. Thus, the ferrous abundance of the regolith can be enhanced in the region with buried mafic-rich deposits. This fact can also be verified by the retrieved components from the LP-GRS data in the B-K region, where a mafic-geochemical anomaly was identified with FeO abundance ranging from 7 wt.% to 11 wt.%, which was apparently higher than that in the highlands [5]. Thus, as mentioned in Section 2, the elevated mafic-rich mare materials in the surface deposits will increase the TB measured by the MRM instrument.



Moreover, as the key to identifying cryptomare deposits, space weathering and late impact events have a significant influence on the evolution of the DHCs. Schultz and Spudis [3] and Hawke et al., [5] noted that the albedo contrasts between dark impact materials and bright ejecta deposits decrease with time, which is disadvantageous for identifying DHCs. However, the mafic-rich nature of the materials does not change with time, which will be clearly indicated by the TB data with strong dielectric sensitivity. This is advantageous for re-evaluating the surface deposits in the cryptomare region with MRM data.



However, in the B-K cryptomare region, the existence of mare deposits is impossible, because the impact ejecta is as thick as at 33 m, as reported by Wang and Qiu [7]. Thus, we denote the materials found in Region C as mare-like cryptomare deposits (MCD). As shown in Table 4, the 3.0- and 7.8-GHz nTB at noon and dTB in Region C were lower than those in the mare unit but higher than those in the highland region. This performance agrees well with the theoretical simulation in Section 2, verifying that the MCD in Region C is a mixture of mare deposits and highland debris. This is an important finding in lunar surface research, because it is the first time that the mare-like deposits on the Moon have been directly detected and it verifies the unique ability of MRM data to further our understanding of surface deposits.



The WAC image (Figure 10a) shows that the tone is slightly darker and the density of the craters is lower within Region C than in the surrounding area. The FeO abundance (FA) map indicates a continuous distribution and relatively high FA in Region C (Figure 10b), where the average FA is 10.4 wt.% and is 0.3 wt.% higher than that of surrounding areas. Figure 10c shows a similar TiO2 distribution as the FA map in Region C, where the TiO2 abundance (TA) is only 0.16 wt.% higher than that in its vicinity. Thus, the existence of MCD in Region C is supported by the data.



Moreover, Figure 10d indicates that the rock abundance (RA) is largely similar within and surrounding Region C, indicating that the existence of MCD is not related to the surface rocks. Additionally, the MCD is not identified by the optical and thermal infrared data in previous studies, probably because the difference in the FA, TA, and RA in Region C is rather slight compared with those of the surrounding areas.



The discovery of MCD is helpful for improving our understanding of basaltic volcanism in the B-K region. Assuming that the surface bombardments are saturated in the B-K region, two hypotheses are proposed to understand the existence of MCD in Region C.



First, the thickness of the surface ejecta above the buried mare deposits is probably thinner in Region C than in other places. If so, under the condition of similar surface bombardments, the hidden mare deposits will be excavated more in Region C with shallow surface ejecta than those with thicker surface ejecta, resulting in the higher mixture fraction of mare deposits in the highland debris.



This hypothesis is logical, because Region C is located at the intersection between the four large craters: Langrenus, La Pérouse, Phillips, and Petavius. That is, Region C is at the greatest distance from the above four craters compared with the other areas, meaning that the ejecta from the four craters should be the least abundant in the B-K region according to the cratering mechanism [48].



The problem with the hypothesis is that the surface ejecta are mainly brought by the impact ejecta forming the basins, including Serenitatis and Smythii [6], and little is known about the spatial distribution of this kind of ejecta thickness.



Second, the FTA of the buried mare deposits is likely higher in Region C than in other regions if the buried mare deposits are excavated with a similar fraction. Figure 3a shows that the distribution of the DHCs within Region C was similar to that in the nearby regions, indicating that the excavated fractions of the buried deposits should be evenly distributed. Thus, only on the condition that the buried mare deposits within Region C have a higher FTA will the surface deposits be more mafic than the nearby regions, indicating that this hypothesis should be reasonable. The remaining uncertainty for the hypothesis is that the saturated bombardments and the space weathering heavily altered the surface features, making the finding difficult to verify by the visible data.



Furthermore, no matter which hypothesis is favored, the existence of MCD provides several important clues to advance our understanding of the buried mare deposits in Region C.



Hawke et al., [5] and Wang and Qiu [7] reported that the buried mare deposits in the B-K region are rich in thorium (Th) and high in aluminum, indicating the old age of the buried deposits. However, the Th element is mainly distributed in the northern part of the B-K region near the Langrenus crater, where the MCD is located in Region C near the Balmer Basin in the southern part.



That is, if the buried mare deposits in Region C are the same as those in the northern part, the Th abundance should be much higher in Region C than in the northern part because of the existence of the identified MCD. However, the Th abundance was not enhanced in Region C in the Th map provided by Hawke et al., [5] and Wang and Qiu [7]. Thus, the buried mare deposits in Region C were lacking in the Th element, indicating that the buried mare deposits in this region are in a younger episode compared with the northern part of the B-K region.



Thus, there are at least two kinds of buried mare deposits in the B-K region, which erupted during different episodes. A similar conclusion was also proposed by Wang and Qiu [7] using the M3 data, which suggested that the younger buried mare basalt occurred in a fresh crater at (69.1°E, 18.9°S, 1.4 km) (Figure 11a, marked S, white circle) just south of Region C.



Compared with the results by Wang and Qiu [7], who arrived at the conclusion only pointing to Crater S, the MRM data suggest a more extensive range of late-episode mare deposits. Furthermore, Figure 5, Figure 6 and Figure 7 show that Region C is the most conservative estimation of the range with the MCD, which can be extended considerably towards the north.




5.1.2. A Construct-like Volcanic Feature


In the previous section, we mentioned that the TB performances in Region R were abnormal and we ascribed the differences to the presence of rocks. To better understand the formation mechanism of the TB anomaly in Region R, the 37-GHz dTB map of the anomaly was overlaid on the WAC image (Figure 11a).



Figure 11b shows that the rock abundance generated by Bandfield et al., [46] does not support the finding, because the high RA occurs only in crater S and its close vicinity within a region approximately 2.5 km in diameter, while region R is much more extensive, approximately 60 km in diameter and circular in shape. Thus, the correlation between the high RA anomaly and the formation of the TB anomaly requires further study.



Figure 11a shows that although abundant craters with diameters ranging from 1 km to 6 km occurred, no large craters or terrain could be directly responsible for the dTB anomaly in Region R. Moreover, Fa and Jin [49], Fa and Wieczorek [50], and Fang and Fa [36] proposed that the FA, TA, RA, and slope-related elevation (DEM) are important factors impacting the TB of the regolith. Thus, the aforementioned parameters in Region R are profiled in Figure 12, where the profile is selected 3.9 km south of Crater S with high RA values. Figure 12 shows that dTB is clearly elevated in Region C within the dashed lines, but FA, TA, and RA do not present correspondingly high values. Additionally, the DEM profile shows a flat surface with slight fluctuation, which also does not support the high dTB anomaly in Region R.



As mentioned in the previous section, the TB performances suggested that abundant rocks exist in Region R, although this finding is not supported by the Diviner results. Considering that the penetration depth of the MRM microwave is at least several tens of centimeters and is much larger than the micrometer-scale penetration depth of the RA-related thermal infrared data, this phenomenon implies that there likely exists a hidden construct in Region R.



Based on Clementine UV–VIS data and M3 spectra data, Hawke et al., [5] and Wang and Qiu [7] both mentioned the special compositions in crater S, which is largely in the center of the construct in region R. Wang and Qiu [7] and Qiu et al. [51] suggested that the special compositions in crater S are gabbro and monzogabbro enriched in high-Ca pyroxene. Therefore, they hypothesized that the deposits here probably represent one episode of mare volcanism or at least an intrusion of basaltic lava. Considering that Region R is located just within Region C and that they both represent late-episode volcanic activity, we propose that the hidden construct in Region R is probably a construct-like volcanic feature.



Furthermore, we mentioned that the 37-GHz dTB values gradually decrease from Region R to surrounding places in Region C in an irregular shape. Moreover, the 3.0- and 7.8-GHz nTB maps at daytime and the nighttime TB map show that Region C is apparently elongated along the northwest direction. Therefore, the existence of the construct-like volcanic feature is not brought by the interpolation process. Combined with the findings by Wang and Qiu [7] and Qiu et al., [51], these results may represent at least one potential volcanic edifice extruding the mare deposits buried in the B-K region. This also means that the MRM data have the potential to detect possible volcanic edifices, which have seldom been reported in studies of lunar volcanism and warrant further study with more sources of data.



Additionally, the influence of the substrate temperature in understanding the TB anomaly in Region R should be considered. Meng et al., [34] ascribed the relatively higher noon and night TB at 3.0 GHz on the Orientale floor to the high substrate temperature. Here, the rock-related TB performances have been fully studied with the theoretical model in the work by Meng et al., [33]. Thus, the influence of the substrate temperature is not addressed in this study.





5.2. Discovering Special Materials with Strong Heat-Storage Capacity


As mentioned in Section 4.2, the 19.35- and 37-GHz TB performances were unique in the northern and southwestern parts of the cryptomare region and even in the mare unit. In the northern and southwestern parts, the dTB was similar at 3.0 GHz, slightly lower at 7.8 GHz, but obviously lower at 19.35 and 37 GHz compared with that of Region C with the MCD. Here, we termed the abnormal phenomenon in the northern and southwestern parts of the cryptomare region and in the mare unit within the Vendelinus crater as the low-dTB anomaly because it caused a considerably low dTB at 19.35 and 37 GHz. The boundary of the low-dTB anomaly is outlined in Figure 13a, which is based on the dTB performances at 37 GHz.



The existence of the low-dTB anomaly is reasonable and can be verified by the dTB performances in the mare unit within the Vendelinus crater. Here, the dTB should be much higher than the MCD at four channels according to the theoretical simulation. Actually, the dTB in the low-dTB anomaly was as expected only at 3.0 and 7.8 GHz, but it was abnormally lower than that of the MCD at 19.35 GHz and 37 GHz, verifying that the existence of the low-dTB anomaly is reasonable.



The regional geochemistry and chemical components of the B-K region have been fully studied by Hawke et al., [5] and Wang and Qiu [7], but none of the components appear to be responsible for the low-dTB anomaly, at least in geographical position. That is, there probably exists a new chemical component that has not been identified, at least in the B-K region, which causes the low-dTB anomaly.



Moreover, Figure 5 to Figure 7 show that the 19.35- and 37-GHz nTB in the low-dTB anomaly was considerably high at night but clearly low at noon. Thus, the special material should have a fairly strong heat-storage capacity based on the physical principles [52].



Furthermore, Figure 7 indicates that the low-dTB anomaly apparently occurred at 19.35 and 37 GHz. Thus, the thickness of the special material should be larger than 31 cm but no more than 76.9 cm, which are the penetration depths of 19.35- and 7.8-GHz microwaves (note: Campbell et al., [39] proposed that the penetration depth of the microwave is approximately 10 to 20 times the wavelength used; here, 20 times the wavelength was assumed considering the low FeO and TiO2 abundances of the surface deposits in the region).



When projecting the boundary of the low-dTB anomaly and the boundaries of the ejecta interpreted by Hawke et al., [5] on the WAC images in Figure 13b, a strong correlation between the low-dTB anomaly and the impact ejecta identified by Hawke et al., [5] was observed. We mentioned that the low-dTB anomaly in the western part comprises large portions of the ejecta from the Langrenus and Petavius craters. In the southeastern area, the special material mainly exists in the ejecta from the Humboldt crater. In particular, the boundary of the low-dTB anomaly largely agrees with the northeastern margin of the ejecta from the Petavius crater in the southwestern area. These agreements suggest that the special material is probably the ejecta of large craters. Considering the large excavation depth of large craters such as Langrenus, Petavius, and Humboldt, according to the cratering numerical simulation [48], the special material should originate in the deep layer of the lunar crust.



Furthermore, regions with such low-dTB anomalies have also been discovered in mare Moscoviense, mare Smythii, the Apollo basin, and the Copernicus crater [22,23], which suggests that special material is widely distributed over the lunar surface. Combined with the findings in this study, this provides new evidence of the heterogeneity of the lunar crust in the vertical direction.



Finally, two issues should be emphasized. First, we do not deny the existence of the cryptomare deposits identified by Hawke et al., [5] in regions with low dTB anomalies. Second, a special material with strong heat-storage capacity only occurred in the shallow layer of the regolith and the thickness is no more than 76.9 cm.



Moreover, the surface deposits beyond Regions C and R and the low-dTB anomaly were not discussed because the nTB and dTB performances are rather complex. More work should be done to assess the chemical compositions and geophysical features of the special material.





6. Conclusions


In this study, the cryptomare deposits in the Balmer-Kapteyn region were evaluated with the nTB and dTB maps derived with the CE-2 MRM data. Combined with the datasets including LRO WAC, LOLA, and Diviner data and Clementine UV–VIS data, the microwave thermal emission features of the cryptomare deposits in the B-K region were analyzed. The main results are summarized as follows.



The nTB and dTB performances indicate the existence of mare-like cryptomare deposits in Region C, where the tone was slightly darker and the FeO and TiO2 abundances were slightly higher than those in the surrounding regions. Combined with the surface compositions, at least two kinds of buried mare deposits were indicated in the B-K region, which erupted during different episodes.



A construct-like volcanic feature was discovered in Region R according to the nTB and dTB performances; this finding is supported by the chemical components discovered by Wang and Qiu [7].



A special material that can cause the low dTB anomaly was detected in the shallow layer of the regolith, which exists in the northern and southwestern parts of the cryptomare region and in the mare unit within the Vendelinus crater. The thickness of the special material was larger than 31 cm but no greater than 76.9 cm. The special material exhibited a strong heat-storage capacity and it probably originated from the deep layer of the lunar crust, illustrating the heterogeneity of the lunar crust.



Generally, this study suggests that the CE-2 MRM data can be used to identify the surface deposits in the cryptomare region. It could complement the previous optical study and provide new insight into the surface deposits based on the regolith dielectric properties, which is impactful as a useful supplement to improve the geological mapping of the Moon. In the future, more work is required to advance our understanding of the construct-like volcanic feature and the special material causing the low-dTB anomaly.
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Figure 1. (a) The constructed one-layer regolith model with infinite depth proper for cryptomare deposits. (b) Model brightness temperature vs. mare deposit fraction for the Chang’E-2 MRM frequencies at noon (11 o’clock). The upper boundary of every belt is the mare deposit with 18 wt.% FeO and 2.5 wt.% TiO2, and the lower boundary is the mare deposit with 18 wt.% FeO and 1.0 wt.% TiO2. (c) Model brightness temperature vs. mare deposit abundance fraction for the Chang’E-2 MRM frequencies at night (22 o’clock). The upper boundary of every belt is the mare deposit with 18 wt.% FeO and 1.0 wt.% TiO2 and the lower boundary is the mare deposit with 18 wt.% FeO and 2.5 wt.% TiO2. 
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Figure 2. (a) A mosaic of the Wide-Angle Camera (WAC) image of the B-K region. The black line denotes the cryptomare unit, the green line denotes the mare unit, and the orange dashed line denotes the ejecta interpreted by Hawke et al., [5], as shown in Figure 2b. (b) Sketch geological map of the B-K region [5]. Major expanses of cryptomare are covered by the continuous ejecta of Langrenus, Petavius, Palitzsch B, Humboldt, and La Pérouse craters, which are indicated by A, B, C, D, and E, respectively. 
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Figure 3. Scatter maps of the selected MRM data points in the B-K region at 37 GHz (unit: K): (a) 11:00–12:00 (noon); (b) 22:00–23:00 (night). Regions C and R within the blue lines are two special regions that are mentioned in the following sections. The DHCs identified by Hawke et al., [5] are black circles. 
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Figure 4. TB maps of the B-K region at 37 GHz at noon (a) and night (b), and comparisons of observation data and interpolation data at noon (c) and night (d). 
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Figure 5. nTB maps of the B-K region at noon: (a) 3.0 GHz, (b) 7.8 GHz, (c) 19.35 GHz, (d) 37 GHz. The black line denotes the cryptomare unit and the white line denotes the mare unit interpreted by Hawke et al., [5], as shown in Figure 2b. Regions C and R within the blue lines are two special regions that are mentioned in the following sections. Region N is the northern area between the Langrenus and Kapteyn craters within the cryptomare region. Region SW is the southwestern area within the cryptomare region. 
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Figure 6. nTB maps of the B-K region at night: (a) 3.0 GHz, (b) 7.8 GHz, (c) 19.35 GHz, (d) 37 GHz. The black line denotes the cryptomare unit and the white line denotes the mare unit interpreted by Hawke et al., [5], as shown in Figure 2b. Regions C and R within the blue lines are two special regions that are mentioned in the following sections. Region N is the northern area between the Langrenus and Kapteyn craters within the cryptomare region. Region SW is the southwestern area within the cryptomare region. 
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Figure 7. dTB maps of the B-K region: (a) 3.0 GHz, (b) 7.8 GHz, (c) 19.35 GHz, (d) 37 GHz. The black line denotes the cryptomare unit and the white line denotes the mare unit interpreted by Hawke et al., [5], as shown in Figure 2b. Regions C and R within the blue lines are two special regions that are mentioned in the following sections. Region N is the northern area between the Langrenus and Kapteyn craters within the cryptomare region. Region SW is the southwestern area within the cryptomare region. 
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Figure 8. nTB maps in the Rümker region [22] at noon: (a) 3.0 GHz, (b) 7.8 GHz, (c) 19.35 GHz, (d) 37 GHz; and at night: (e) 3.0 GHz, (f) 7.8 GHz, (g) 19.35 GHz, (h) 37 GHz. The black line denotes the Em4 unit with the highest FTA. 
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Figure 9. nTB maps of the Vavilov crater at noon: (a) 3.0 GHz, (b) 7.8 GHz, (c) 19.35 GHz, (d) 37 GHz; and at night: (e) 3.0 GHz, (f) 7.8 GHz, (g) 19.35 GHz, (h) 37 GHz. The black line denotes the Vavilov crater with abundant rocks identified using LRO Diviner data by Bandfield et al., [46]. 
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Figure 10. The special region in the B-K region: (a) WAC image, (b) FeO abundance map, (c) TiO2 abundance map, (d) rock abundance map. 
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Figure 11. (a) The 37-GHz dTB map with 70% transparency overlying the WAC image. (b) Diviner RA map with 70% transparency overlying the WAC image. Mark S is the fresh crater centered at (69.1°E, 18.9°S). The black dotted line is Region R. The black profile is selected 3.9 km south of crater S with high RA values. The red dotted line is the TB anomaly in Region R. 
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Figure 12. The dTB, TiO2 abundance (TA), FeO abundance (FA), rock abundance (RA), and surface elevation (DEM) values along the black profile are shown in Figure 11a. The black dotted line is the TB anomaly in Region R. 
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Figure 13. (a) Low-dTB anomaly outlined (orange line) in the dTB map at 37 GHz. (b) Boundary of the low-dTB anomaly expressed in the WAC image. The dashed lines are boundaries of the impact ejecta identified by Hawke et al., [5]. 
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Table 1. The average nTB and dTB values of mare unit (M) and nearby regions (NR).
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nTB at Noon

	
nTB at Night

	
dTB






	
Channel

	
M

	
NR

	
M

	
NR

	
M

	
NR




	
3.0 GHz

	
1.007

	
0.996

	
0.999

	
1.001

	
4.07 K

	
3.95 K




	
7.8 GHz

	
1.010

	
1.007

	
1.002

	
1.004

	
8.99 K

	
8.52 K




	
19.35 GHz

	
1.006

	
1.001

	
1.007

	
1.007

	
19.52 K

	
19.49 K




	
37 GHz

	
1.002

	
0.994

	
1.011

	
1.011

	
43.59 K

	
43.45 K











[image: Table] 





Table 2. The average nTB and dTB values of Region C (C), Region R (R), northern (N), and southwestern (SW) areas within the B-K cryptomare region.
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nTB at Noon

	
nTB at Night

	
dTB






	
Channel

	
C

	
N

	
SW

	
R

	
C

	
N

	
SW

	
R

	
C

	
N

	
SW

	
R




	
3.0 GHz

	
1.003

	
1.002

	
1.005

	
0.998

	
0.996

	
0.998

	
1.000

	
0.991

	
3.78 K

	
3.39 K

	
3.49 K

	
3.86 K




	
7.8 GHz

	
1.006

	
1.000

	
1.007

	
0.999

	
0.995

	
1.001

	
1.003

	
0.980

	
8.86 K

	
7.04 K

	
7.66 K

	
10.87 K




	
19.35 GHz

	
1.007

	
0.994

	
1.003

	
1.006

	
0.994

	
1.003

	
1.005

	
0.969

	
22.76 K

	
17.83 K

	
18.45 K

	
28.07 K




	
37 GHz

	
1.007

	
0.986

	
1.000

	
1.016

	
0.985

	
1.007

	
1.006

	
0.943

	
50.71 K

	
41.05 K

	
43.33 K

	
61.57 K
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Table 3. The average nTB and dTB values of the eastern part (E) of the highland region and the western part (W) of the highland region.
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nTB at Noon

	
nTB at Night

	
dTB






	
Channel

	
E

	
W

	
E

	
W

	
E

	
W




	
3.0 GHz

	
1.003

	
0.996

	
1.000

	
0.996

	
2.96 K

	
2.39 K




	
7.8 GHz

	
1.005

	
0.997

	
0.999

	
0.995

	
7.82 K

	
7.64 K




	
19.35 GHz

	
1.006

	
0.997

	
0.999

	
0.995

	
20.73 K

	
19.68 K




	
37 GHz

	
1.007

	
0.995

	
0.995

	
0.989

	
47.82 K

	
46.07 K
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Table 4. The average and standard deviation nTB and dTB values of the mare unit (M), Region C (C), and highland materials (H).
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nTB at Noon

	
nTB at Night

	
dTB




	
Channel

	
M

	
C

	
H

	
M

	
C

	
H

	
M

	
C

	
H






	
3.0 GHz

	
1.007

± 0.00054

	
1.003

± 0.00061

	
0.998

± 0.00098

	
0.999

± 0.00043

	
0.996

± 0.00096

	
0.998

± 0.00124

	
4.07 K

± 0.15593

	
3.78 K

± 0.14920

	
2.41 K

± 0.15643




	
7.8 GHz

	
1.010

± 0.00164

	
1.006

± 0.00070

	
0.999

± 0.00110

	
1.002

± 0.00110

	
0.995

± 0.00111

	
0.999

± 0.00163

	
8.99 K

± 0.23262

	
8.86 K

± 0.16569

	
6.74 K

± 0.21549




	
19.35 GHz

	
1.006

± 0.00161

	
1.007

± 0.00126

	
0.996

± 0.00119

	
1.007

± 0.00094

	
0.994

± 0.00104

	
1.000

± 0.00111

	
19.52 K

± 0.39395

	
22.76 K

± 0.35832

	
18.19 K

± 0.28697




	
37 GHz

	
1.002

± 0.00243

	
1.007

± 0.00138

	
0.993

± 0.00172

	
1.011

± 0.00210

	
0.985

± 0.00210

	
1.000

± 0.00145

	
43.59 K

± 0.84514

	
50.71 K

± 0.59108

	
43.06 K

± 0.60858
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