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Abstract: Mare Frigoris is the fifth largest and almost northernmost mare located on the near side
of the Moon. Mare Frigoris has an elongated shape, with a length of approximately 1500 km and a
width of approximately 200 km, which makes it susceptible to becoming contaminated by the impact
ejecta from the nearby highlands. Comparatively speaking, microwave radiometer (MRM) data have
good penetration capabilities. Therefore, the MRM data from Chang’e-2 satellite were employed to
study the volumetric thermal emission features of basaltic deposits in Mare Frigoris. Combining the
MRM data with the basaltic units with FeO and TiO2 abundances identified using the small crater rim
and ejecta probing (SCREP) methodology and with the gravity from Gravity Recovery and Interior
Laboratory (GRAIL), the four potential conclusions that were obtained are as follows: (1) The MRM
data are strongly related to the (FeO + TiO2) abundance of pristine basalts and are less influenced
by ejecta contamination; (2) in every quadrant of Mare Frigoris, the (FeO + TiO2) abundance of the
basalt decreases with an increase in age; (3) at least in Mare Frigoris, the main influencing factor
regarding the brightness temperature remains the (FeO + TiO2) abundance of surface deposits;
(4) a warm microwave anomaly was revealed in the western-central and eastern-central areas of Mare
Frigoris which has a strong relationship with the positive Bouguer gravity anomaly derived from
GRAIL data in terms of spatial distribution. The results are significant in the context of improving
our understanding the basaltic igneous rock and thermal evolution of the Moon using MRM data.

Keywords: Mare Frigoris; dielectric properties; basaltic units; Chang’e microwave radiometer;
brightness temperature; Bouguer gravity

1. Introduction

Mare Frigoris is the fifth largest and northernmost lunar mare on the near side of the
Moon. The mare extends from about 55◦W to 45◦E, with an average latitudinal extent of
only 7.5◦ (Figure 1) [1–3]. In Mare Frigoris, there are light plain deposits, stress fractures,
volcanic vents, rilles, pyroclastic deposits, cryptomare, and mare basalts, all of which
have been identified mainly using optical remote sensing data [1–5]. With gravitational
potential derived from the Gravity Recovery and Interior Laboratory (GRAIL) mission data,
Andrews-Hanna et al. [6] suggested the existence of buried, ancient igneous intrusions in
the mare. Thus, the study of Mare Frigoris can provide essential information on the basaltic
volcanism and thermal evolution of the Moon.
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tic volcanism and thermal evolution of the Moon. 

 
Figure 1. A wide-angle camera image of Mare Frigoris from the Lunar Reconnaissance Orbiter Cam-
era (Equidistant Cylindrical projection), which was downloaded from 
https://wms.lroc.asu.edu/lroc/search (accessed on 20 June 2010). The black lines are the geologic 
boundaries and the abbreviations marked WCF5 in the west to EF2 in the east are the basaltic units 
of Mare Frigoris mapped by Kramer et al. [2]. The geologic boundaries were vectorized from the 
geologic map provided by Kramer et al. [2] and overlaid on this map and the following Figures 3–
7, 9, 15, and 16. Crater A and Crater B are the two craters with brightness temperature anomalies, 
as discussed in Sections 3.2.2 and 4.2.1. 

To accurately assess the basaltic volcanism of the Moon, it is necessary to characterize 
the pristine compositions of basaltic deposits [2]. Traditionally, basaltic units were 
mapped and their compositions estimated mainly by using ultraviolet, visible, and infra-
red data [1,7–11]. However, Mare Frigoris is narrow, and, therefore, ejecta from highland 
craters reach its central portions and obscure the basalt deposits more easily compared to 
large circular maria [1,2]. In addition, several large craters exist in Mare Frigoris, including 
the Harpalus crater (43.5°W, 52.7°N), which has a diameter of 40 km, and the Aristoteles 
crater (17.3°E, 50.2°N), which has a diameter of 88 km (Figure 1), the ejecta from which 
have heavily decreased the (FeO + TiO2) abundance (FTA) of nearby mare deposits in the 
shallow layer [2]. This makes it difficult to infer the pristine compositions of the basaltic 
deposits of Mare Frigoris using optical data, as indicated by Figure 1. 

To reduce the influence of the impact ejecta on the surface mafic contents of basaltic 
units, Kramer et al. [2,12,13] and Weider et al. [14] proposed the small crater rim and ejecta 
probing (SCREP) methodology, which collects composition information from small, im-
mature impact craters that have penetrated the surface regolith. The SCREP methodology 
is considered the best approach to evaluate the pristine compositions of underlying basal-
tic units. Combined with the superposition of adjacent basaltic units and the FeO and TiO2 
abundances of the candidate 1533 SCREP craters, a new map of basaltic volcanism in Mare 
Frigoris was provided by Kramer et al. [2]. Using remote sensing data mainly from a 
Clementine Ultraviolet-Visible (UVVIS) camera and the Lunar Reconnaissance Orbiter 
(LRO) Wide Angle Camera (WAC), Kramer et al. [2] mapped 22 basaltic units, fewer than 
the 37 units previously mapped by Hiesinger et al. [10]. 

Generally, the penetration depth of optical remote sensing instruments is only sev-
eral micrometers [15–17], which, combined with heavy surface contamination, has se-
verely limited the application of optical data in the context of understanding basaltic vol-
canism in Mare Frigoris. Comparatively, the microwave radiometer (MRM) onboard the 
Chang’e (CE)-1 and -2 satellites, operated at microwave range and combined with the 
measured brightness temperature (TB), can reflect the dielectric properties of the lunar 
regolith at the corresponding penetration depths [15,17,18]. Moreover, MRM data have 
been proven to be highly correlated with the compositions of the regolith within the pen-
etration depth [17,19]. At such depth, the deposits are less influenced by space weathering 
and less contaminated by the ejecta from nearby and distant impact events [20,21]. Thus, 

Figure 1. A wide-angle camera image of Mare Frigoris from the Lunar Reconnaissance Orbiter
Camera (Equidistant Cylindrical projection), which was downloaded from https://wms.lroc.asu.
edu/lroc/search (accessed on 20 June 2010). The black lines are the geologic boundaries and the
abbreviations marked WCF5 in the west to EF2 in the east are the basaltic units of Mare Frigoris
mapped by Kramer et al. [2]. The geologic boundaries were vectorized from the geologic map
provided by Kramer et al. [2] and overlaid on this map and the following Figures 3–7, 9, 15, and 16.
Crater A and Crater B are the two craters with brightness temperature anomalies, as discussed in
Sections 3.2.2 and 4.2.1.

To accurately assess the basaltic volcanism of the Moon, it is necessary to character-
ize the pristine compositions of basaltic deposits [2]. Traditionally, basaltic units were
mapped and their compositions estimated mainly by using ultraviolet, visible, and infrared
data [1,7–11]. However, Mare Frigoris is narrow, and, therefore, ejecta from highland
craters reach its central portions and obscure the basalt deposits more easily compared to
large circular maria [1,2]. In addition, several large craters exist in Mare Frigoris, including
the Harpalus crater (43.5◦W, 52.7◦N), which has a diameter of 40 km, and the Aristoteles
crater (17.3◦E, 50.2◦N), which has a diameter of 88 km (Figure 1), the ejecta from which
have heavily decreased the (FeO + TiO2) abundance (FTA) of nearby mare deposits in the
shallow layer [2]. This makes it difficult to infer the pristine compositions of the basaltic
deposits of Mare Frigoris using optical data, as indicated by Figure 1.

To reduce the influence of the impact ejecta on the surface mafic contents of basaltic
units, Kramer et al. [2,12,13] and Weider et al. [14] proposed the small crater rim and
ejecta probing (SCREP) methodology, which collects composition information from small,
immature impact craters that have penetrated the surface regolith. The SCREP methodology
is considered the best approach to evaluate the pristine compositions of underlying basaltic
units. Combined with the superposition of adjacent basaltic units and the FeO and TiO2
abundances of the candidate 1533 SCREP craters, a new map of basaltic volcanism in
Mare Frigoris was provided by Kramer et al. [2]. Using remote sensing data mainly from
a Clementine Ultraviolet-Visible (UVVIS) camera and the Lunar Reconnaissance Orbiter
(LRO) Wide Angle Camera (WAC), Kramer et al. [2] mapped 22 basaltic units, fewer than
the 37 units previously mapped by Hiesinger et al. [10].

Generally, the penetration depth of optical remote sensing instruments is only several
micrometers [15–17], which, combined with heavy surface contamination, has severely
limited the application of optical data in the context of understanding basaltic volcanism
in Mare Frigoris. Comparatively, the microwave radiometer (MRM) onboard the Chang’e
(CE)-1 and -2 satellites, operated at microwave range and combined with the measured
brightness temperature (TB), can reflect the dielectric properties of the lunar regolith at the
corresponding penetration depths [15,17,18]. Moreover, MRM data have been proven to be
highly correlated with the compositions of the regolith within the penetration depth [17,19].
At such depth, the deposits are less influenced by space weathering and less contaminated
by the ejecta from nearby and distant impact events [20,21]. Thus, MRM data can provide a
new potential choice to assess the basaltic units with heavy surface contamination in the
maria on the Moon.

https://wms.lroc.asu.edu/lroc/search
https://wms.lroc.asu.edu/lroc/search
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In this work, the MRM data from the CE-2 satellite were applied to assess the basaltic
units in Mare Frigoris. Section 2 presents the process procedures for the CE-2 MRM data,
the Clementine UVVIS data, and the GRAIL data. In Section 3, the microwave thermal
emission features of the basaltic units are described, and the boundaries and ages of the
basaltic units are assessed. Section 4 presents the potential application of the MRM data
in understanding the basaltic volcanism and thermal evolution of Mare Frigoris. The
conclusions are provided in Section 5.

2. Data Processing

The TB maps of Mare Frigoris were derived from the CE-2 MRM data. To test the TB
anomaly and the mare’s deep structure, the FeO, TiO2, and Bouguer gravity anomaly maps
were generated using the Clementine UVVIS data and GRAIL data, respectively.

2.1. CE-2 MRM Data Processing

From 15 October 2010 to 20 May 20 2011, the CE-2 MRM instrument measured the
lunar surface for more than 5000 earth hours and operated at 3.0 GHz, 7.8 GHz, 19.35 GHz,
and 37 GHz [22,23]. The integration time of the CE-2 MRM instrument is 200 ms, the
observation angle is 0◦, and the temperature sensitivity is approximately 0.5 K [22,24]. At
an orbital altitude of approximately 100 km, the resolution of the MRM data is about 25 km
at 3.0 GHz and 17.5 km at 7.8, 19.35, and 37 GHz. This study adopted the 2C level data
after system calibration and geometric correction, obtained from the Lunar and Planetary
Data Release System (https://moon.bao.ac.cn/ce5web/moonGisMap.search, accessed on
1 September 2019). For a description of the CE-2 MRM data, please see Zheng et al. [23]
and Cai and Lan [25].

2.1.1. TB Maps Generation

The method of generating TB maps which was adopted in this study has been thor-
oughly described by Chan et al. [26], Cai and Lan [25], and Meng et al. [17,27]. According
to a theoretical simulation using microwave radiative transfer equations, the TB of surface
deposits is highly dependent on the surface temperature, which is dominated by the surface
solar illumination and changes greatly with the lunation time [24,28]. Thus, the hour angle
is introduced to describe the observed MRM points in terms of twenty-four lunation hours.
However, for the special geometry of Mare Frigoris, it is difficult to generate TB maps
with the sufficient MRM data points within one lunation hour. Thus, a new data selection
method was proposed.

According to the geographical range of Mare Frigoris, 344,752 MRM data points was
selected, and the local hours of every MRM data point were then calculated using the
method provided by Chan et al. [26] and Zheng et al. [22,23]. Then, the histogram of the
MRM data points in one lunation represented by the hour angles was counted (Figure 2a),
which showed that the MRM data were concentrated around several time spans. After a
comparison, we found that the data points from 12:26 to 13:08 and from 0:00 to 0:39 were
enough to cover the whole of Mare Frigoris (Figure 2b,c). Therefore, the data points of
the two time spans were extracted to generate TB maps at four channels using the linear
interpolation method, and the spatial resolution was 0.25◦ × 0.25◦ (Figure 3, 37 GHz).
The TB performances of the basaltic units at noon and night were represented by the
observation from 12:26 to 13:08 and from 0:00 to 0:39, respectively. To clearly understand
the thermophysical properties of basaltic deposits in Mare Frigoris, the boundaries of the
basaltic units mapped by Kramer et al. [2] were vectorized and overlaid on the TB maps.

https://moon.bao.ac.cn/ce5web/moonGisMap.search
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Figure 2. (a) The histogram of MRM data points in one lunation (24 h), (b) the scatter map of the 
MRM data points from 12:26 to 13:08, and (c) the scatter map of the MRM data points from 0:00 to 
0:39 in Mare Frigoris (equidistant cylindrical projection). 

 

 
Figure 3. TB maps of Mare Frigoris at 37 GHz (equidistant cylindrical projection): (a) noon and (b) 
night. The black lines are the geologic boundaries of Mare Frigoris mapped by Kramer et al. [2]. 

The reliability of MRM data has been proven by Zheng et al. [22,23] and Cai and Lan 
[25], and our TB maps are identical to the previous results. Moreover, the TB maps in other 
hour spans were also generated and the TB performances were consistent in terms of the 
basaltic units, indicating the stability of the MRM data. What is more, Figure 3 shows a 
good correlation between the TB performances and the large craters, including Harpalus 
and Aristoteles. Particularly, the noon TB is enhanced in the southern slope of these cra-
ters, which are oriented towards solar illumination, and reduced in the northern slope. 
Furthermore, Figure 3 shows that the mare unit with high a FTA marked WF5 in the 
southwestern part of Mare Frigoris shows a high noon TB and low night TB, which is 
consistent with theoretical simulation result using microwave radiative transfer equations 
which show that the TB of deposits with a higher FTA will be higher at noon and lower 
at night when compared with deposits with a lower FTA [24,28]. Thus, the generated TB 
maps are rational. 

  

Figure 2. (a) The histogram of MRM data points in one lunation (24 h), (b) the scatter map of the
MRM data points from 12:26 to 13:08, and (c) the scatter map of the MRM data points from 0:00 to 0:39
in Mare Frigoris (equidistant cylindrical projection).
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Figure 3. TB maps of Mare Frigoris at 37 GHz (equidistant cylindrical projection): (a) noon and
(b) night. The black lines are the geologic boundaries of Mare Frigoris mapped by Kramer et al. [2].

The reliability of MRM data has been proven by Zheng et al. [22,23] and Cai and
Lan [25], and our TB maps are identical to the previous results. Moreover, the TB maps in
other hour spans were also generated and the TB performances were consistent in terms
of the basaltic units, indicating the stability of the MRM data. What is more, Figure 3
shows a good correlation between the TB performances and the large craters, including
Harpalus and Aristoteles. Particularly, the noon TB is enhanced in the southern slope of
these craters, which are oriented towards solar illumination, and reduced in the northern
slope. Furthermore, Figure 3 shows that the mare unit with high a FTA marked WF5 in
the southwestern part of Mare Frigoris shows a high noon TB and low night TB, which is
consistent with theoretical simulation result using microwave radiative transfer equations
which show that the TB of deposits with a higher FTA will be higher at noon and lower
at night when compared with deposits with a lower FTA [24,28]. Thus, the generated TB
maps are rational.
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2.1.2. nTB and TBD Maps Generation

Figure 3 shows an obvious N-S trend, demonstrating that the TB is higher in the south
and lower in the north. Here, according to the latitude within and beyond Mare Frigoris,
the change in TB is up to 40 K, which is much higher than the 12-K variation among the
basaltic units within Mare Frigoris. This apparently decreases the dynamic range of the
TB values in Mare Frigoris; thus, the following two steps were adopted to weaken the N-S
trend of the TB and to enhance the TB performances of the mare units.

The first step was to exclude the nearby highlands by employing the traditional image
cutting method according to the range of Mare Frigoris. Since the highest TB occurs in
Sinus Iridum and the lowest TB occurs in the north highlands, such a process can, relatively
speaking, enlarge the dynamic TB range in the cropped figures.

The second step was to operate normalized TB (nTB) mapping and TB difference (TBD)
mapping, a method which was proposed by Meng et al. [17,27] to enhance the relationship
between the TB and the surface materials.

To obtain the nTB maps, the standard TB values of every latitude were calculated
according to the procedure provided in references [17,27]. The nTB maps at noon and night
were generated by dividing the TB of every pixel by the standard TB of the corresponding
latitude (Figures 4 and 5). The resulting nTB maps are considered to be sensitive to the
compositions and thermal state of the surface deposits in the penetration depth [17,27].

The TBD is the difference between the interpolated noon and night TB of the same
frequency before normalizing (Figure 6). The TBD maps are a good reflection of the
compositions of the surface deposits in the penetration depth [17,27].

When compared with the TB maps, the microwave thermal emission features of
surface deposits in Mare Frigoris are enhanced in Figures 4–6. The nTB and TBD maps
agree well with the boundaries of the geologic units mapped by Kramer et al., especially in
the units marked WF4, WF5, WCF6, and WCF7 [2]. In other words, the nTB and TBD maps
can highlight mare deposits with different FTAs, which can be used to re-evaluate surface
deposits in Mare Frigoris.

2.2. FeO and TiO2 Abundance (FTA)

FTA is the decisive factor for the dielectric constant, which is the main influencing
factor of the TB emitted from the lunar regolith [24,28,29]. In the microwave domain, the
FTA value is always thought of as one of the important factors that can influence the loss
tangent of the regolith [30].

Currently, FeO and TiO2 abundances are also considered to be the most important
index in the identification of basaltic units in different eras [1,2,10,31,32] with severe
surface contamination, including Mare Frigoris. Thus, the FeO and TiO2 abundances
(Figure 7) were retrieved from the Clementine UVVIS data using the methods developed
by Lucey et al. [33]. The Clementine UVVIS data can be downloaded from USGS Astroge-
ology Science Center (https://astrogeology.usgs.gov/search/map/Moon/Clementine/
UVVIS/Lunar_Clementine_UVVIS_WarpMosaic_5Bands_200m, accessed on 9 February
2022). Figure 7 shows that the FeO and TiO2 abundances are highest in the western region,
moderate in the middle region, and lowest in the eastern region. These maps are used as
an important reference to evaluate the TB performances of basaltic units.

https://astrogeology.usgs.gov/search/map/Moon/Clementine/UVVIS/Lunar_Clementine_UVVIS_WarpMosaic_5Bands_200m
https://astrogeology.usgs.gov/search/map/Moon/Clementine/UVVIS/Lunar_Clementine_UVVIS_WarpMosaic_5Bands_200m


Remote Sens. 2022, 14, 2725 6 of 25

Remote Sens. 2022, 14, 2725 5 of 24 
 

 

2.1.2. nTB and TBD Maps Generation 
Figure 3 shows an obvious N-S trend, demonstrating that the TB is higher in the south 

and lower in the north. Here, according to the latitude within and beyond Mare Frigoris, 
the change in TB is up to 40 K, which is much higher than the 12-K variation among the 
basaltic units within Mare Frigoris. This apparently decreases the dynamic range of the 
TB values in Mare Frigoris; thus, the following two steps were adopted to weaken the N-
S trend of the TB and to enhance the TB performances of the mare units. 

The first step was to exclude the nearby highlands by employing the traditional im-
age cutting method according to the range of Mare Frigoris. Since the highest TB occurs 
in Sinus Iridum and the lowest TB occurs in the north highlands, such a process can, rel-
atively speaking, enlarge the dynamic TB range in the cropped figures. 

The second step was to operate normalized TB (nTB) mapping and TB difference 
(TBD) mapping, a method which was proposed by Meng et al. [17,27] to enhance the re-
lationship between the TB and the surface materials. 

To obtain the nTB maps, the standard TB values of every latitude were calculated 
according to the procedure provided in references [17,27]. The nTB maps at noon and 
night were generated by dividing the TB of every pixel by the standard TB of the corre-
sponding latitude (Figures 4 and 5). The resulting nTB maps are considered to be sensitive 
to the compositions and thermal state of the surface deposits in the penetration depth 
[17,27]. 

 

 

 

Remote Sens. 2022, 14, 2725 6 of 24 
 

 

 
Figure 4. Normalized TB maps of Mare Frigoris at noon: (a) 3.0 GHz, (b) 7.8 GHz, (c) 19.35 GHz, 
and (d) 37 GHz (equidistant cylindrical projection). The black lines are the geologic boundaries of 
Mare Frigoris mapped by Kramer et al. [2]. Crater A and Crater B are two craters with TB anomalies, 
as discussed in Sections 3.2.2 and 4.2.1. 
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and (d) 37 GHz (equidistant cylindrical projection). The black lines are the geologic boundaries of 
Mare Frigoris mapped by Kramer et al. [2]. Crater A and Crater B are two craters with TB anomalies, 
as discussed in Sections 3.2.2 and 4.2.1. 

Figure 4. Normalized TB maps of Mare Frigoris at noon: (a) 3.0 GHz, (b) 7.8 GHz, (c) 19.35 GHz, and
(d) 37 GHz (equidistant cylindrical projection). The black lines are the geologic boundaries of Mare
Frigoris mapped by Kramer et al. [2]. Crater A and Crater B are two craters with TB anomalies, as
discussed in Sections 3.2.2 and 4.2.1.
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Frigoris mapped by Kramer et al. [2]. Crater A and Crater B are two craters with TB anomalies, as
discussed in Sections 3.2.2 and 4.2.1.
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Figure 6. TB difference maps of Mare Frigoris: (a) 3.0 GHz, (b) 7.8 GHz, (c) 19.35 GHz, and (d) 37 GHz
(equidistant cylindrical projection). The black lines are the geologic boundaries of Mare Frigoris
mapped by Kramer et al. [2]. The orange lines are the profiles from the western WCF1 unit to
the western WCF3 unit, from the WCF4 unit to the ECF6 unit, and from the WCF5 unit to the
eastern the WCF3 unit. Crater A and Crater B are two craters with TB anomalies, as discussed in
Sections 3.2.2 and 4.2.1.
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The TB of the Moon and its characteristics have been thoroughly theoretically investi-
gated by a number of authors [22–25]. After evaluating the TB performances on a global
scale, Meng et al. [34] proposed that the (FeO + TiO2) abundance (FTA) is the controlling
factor with regard to surface deposits on a local scale. As shown in Figure 8, the simulated
TB using the radiative transfer model shows a clear change with respect to the FTA of the
regolith. Compared to the deposits with lower FTAs, the TB is higher during the daytime
(represented by surface temperatures of 390 K and 300 K) and lower at night (represented by
surface temperatures 200 K and 100 K) in the deposits with higher FTAs. Correspondingly,
the TBD will be much higher in FTA-rich deposits. This relationship between the TB (nTB)
and TBD and the FTA of surface deposits is helpful in our understanding of the findings
regarding the basaltic units in the following sections.

2.3. Bouguer Gravity Anomaly

The TB can reflect the dielectric properties of the regolith within the penetration depth
and is sensitive to the substrate temperature [17,27]. Meanwhile, there is no air on the Moon,
and the TB results likely represent thermal behaviors in the shallow lunar crust. Thus,
the GRAIL data were introduced to unravel the potential relationship between the nTB
results and the Bouguer gravity anomaly. The Bouguer gravity anomaly map was filtered
from degree 42 to 600 and derived from GRAIL data (Figure 9), which can be downloaded
from https://pds-geosciences.wustl.edu/grail/grail-l-lgrs-5-rdr-v1/grail_1001/shadr/
(accessed on 27 April 2016).

In Figure 9, there exists a considerable linear gravity anomaly centered on the ECF6
unit and several relatively low gravity anomalies to the north of the WCF1 unit, the junction
of the WCF4 and WCF6 units, the junction of the eastern WCF3 and WCF5 units, the EF3
unit, and the EF4 unit. The map was used as a useful reference to understand the TB
anomalies mentioned in the following sections.

https://pds-geosciences.wustl.edu/grail/grail-l-lgrs-5-rdr-v1/grail_1001/shadr/
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3. Results

SCREP-based results can reduce the influence of surface contamination on the pris-
tine compositions of underlying materials. Thus, the basaltic units mapped by Kramer
et al. [2] were used to evaluate the nTB and TBD results. Also, the basaltic units mapped
by Hiesinger et al. [10] were used for a comparison between the nTB and TBD results,
and the estimated ages were used to evaluate the ages of the basaltic units mapped by
Kramer et al. [2].

3.1. Assessing the Basaltic Results

Regarding the weathering effects of the contamination of impact ejecta from other
locations and space on the surface deposits, Kramer et al. [2] depended on the SCREP craters
to probe the material beneath the surface regolith to determine the pristine compositions of
the basaltic units.

Comparatively, a CE-2 microwave signal can penetrate surface deposits up to 10 to 20 times
the wavelength of the used microwave [17,36]. Also, TBD maps have been proven to be



Remote Sens. 2022, 14, 2725 11 of 25

sensitive to the FTA of deposits within the penetration depth of the microwave that is
used [17,27]. Thus, the MRM data provided a new way to evaluate the pristine compositions
of the basaltic units.

Figure 6 demonstrates how, in the study of the basaltic units on the lunar surface, the
overlay of the geologic boundaries mapped by Kramer et al. [2] on TBD maps highlights the
MRM data. Kramer et al. [2] divided Mare Frigoris into four quadrants comprising Western
Frigoris (WF), West-central Frigoris (WCF), East-central Frigoris (ECF), and Eastern Frigoris
(EF), which include 21 basaltic units in addition to the EF1 unit in Lacus Mortis, pyroclastic
deposits, and cryptomare that are not mentioned by Hiesinger et al. [10]. Here, in the WF4,
WF5, WCF4, WCF6, ECF3, and ECF5 units, the TBD results correlate with the basaltic unit
mapped by Kramer et al. [2] (Figure 6). This correlation indicates that the TBD is highly
related to the SCREP-based (FeO + TiO2) abundance of pristine basalts, which is not as
influenced by the ejecta contamination as the UVVIS-based FeO and TiO2 abundances, as
shown in Figure 7.

Moreover, the correspondence between the TBD results and the basaltic units is good
in the WF, WCF, and ECF quadrants, while the correspondence is only poor in the EF
quadrant (Figure 6). Two large craters exist in Mare Frigoris, the Harpalus crater in the WF
quadrant, with a diameter of 40 km, and the Aristoteles crater in the EF quadrant, with
a diameter of 88 km (Figure 1). Figure 6 shows that the influence of Aristoteles crater on
the compositions of pristine basaltic units are complex. In the EF quadrant, the TBD in the
southern area is higher than that in the northern area, which deserves to be further studied.

For comparative purposes, the basaltic units identified by Hiesinger et al. [10] were
also vectorized and overlaid on the 37-GHz TBD map (Figure 10). Only four (the F1,
F25, F27, and F31 units) of the 37 units (units F1–F37) show a good agreement with the
TBD results. This suggests that the weathering effects of the contamination of the impact
ejecta from other locations and space on the compositions of surfaces are fairly strong in
Mare Frigoris.
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3.2. nTB and TBD Performances of Basaltic units

According to the results in Mare Moscoviense and Mare Australe, Meng et al. [27,28]
proposed that TBD values are sensitive to the compositions of the volumetric regolith,
which are used in the following analysis. The nTB maps were adopted as references to
obtain the dielectric properties of the regolith within the penetration depth of the used
microwave.

3.2.1. Western Frigoris

Five basaltic units were mapped by Kramer et al. [2] in the WF quadrant, and these
represent the total range in compositions and ages of the basaltic units in Mare Frigoris.
Kramer et al. [2] estimated the pristine compositions of the five units, as shown in Table 1.
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Table 1. The SCREP-based FeO, TiO2, and FTA values mapped by Kramer et al. [2] and the four-
channel TBDs of the WF1, WF2, WF3, WF4, and WF5 units.

Units
TBD (K)

FeO (wt %) TiO2 (wt %) FTA (wt %) Age (Ga)
3.0 GHz 7.8 GHz 19.35 GHz 37 GHz

WF1 4.0 7.9 17.8 35.8 13–14 1 14–15 3.72

WF2 4.3 8.5 18.4 36.0 12 <1 12–13 3.54

WF3 4.2 8.8 19.5 38.0 12 1 13 3.39

WF4 6.6 12.8 24.5 44.5 16 3–4 19–20 <3.39

WF5 7.3 15.5 30.9 53.2 18 6–7 24–25 <WF4

In the WF quadrant, the TBD is highest in the WF5 unit and second highest in the WF4
unit. Correspondingly, the nTB of the WF5 unit is highest at noon and almost lowest at
night, followed by the nTB of the WF4 unit. Here, two issues should be pointed out. The
first issue (named Issue 1) concerns the fact that the TBD and nTB results agree with the
theoretical simulation finding that the nTB will be higher at noon but lower at night in
deposits with higher FTAs compared to those with lower FTAs [24,28]. Correspondingly,
the TBD will be considerably high in FTA-rich deposits. The second issue (named Issue 2)
is that coincidences occur between the TBD and nTB results and the boundaries outlined
by Kramer et al. [2] in the WF4 and WF5 units. Again, these verify that the MRM data are
of potential significance in the identification of basaltic units. The two issues are significant
in the context of understanding the relationship between TB results and basaltic units in
the following analysis. The WF3 unit indicates a relatively low nTB at noon, a high nTB at
night, and a low TBD compared with the WF4 unit. The boundary between the WF2 and
WF3 units is clear at 19.35- and 37-GHz according to the nTB and TBD maps.

The WF1 and WF2 units are located in the northern section of the WF quadrant, and
their TBDs are apparently lower than those of the other units in the WF quadrant. Here, we
noticed an abnormal phenomenon: Table 1 shows that the TBD of the WF1 unit is 0.3 K,
0.6 K, 0.6 K, and 0.2 K lower than that of the WF2 unit at 3.0 GHz, at 3.0 GHz, 7.8 GHz,
19.35 GHz, and 37 GHz, respectively, but the FTA of the WF1 unit is 2–3 wt % higher
than that of the WF2 unit. According to Issue 1 and the theoretical simulation [24,28], the
FTA of the WF1 unit should be lower than that of the WF2 unit, which is opposite of the
SCREP-based FTA result.

When referring to the ages estimated by Hiesinger et al. [10], the WF1 unit corresponds
to the F3 unit (3.72 Ga) and the F18 unit (3.53 Ga), the WF2 unit mainly includes the F15 unit
(3.54 Ga), and the WF3 unit corresponds to the middle of the F32 unit (3.39/4.00 Ga). Thus,
combined with the relative ages provided by Kramer et al. [2], the WF1 unit is probably
3.72 Ga in age, older than the WF2 unit, at 3.54 Ga, and the WF3 unit should be younger
still, at 3.39 Ga. Considering the superposition relationship of the stratum [2], the WF4 unit
should be younger than 3.39 Ga, and the WF5 unit is the youngest in the WF quadrant.

3.2.2. West-Central Frigoris

The WCF1 unit consists of two parts: the western WCF1 and the eastern WCF1. The
WCF1 unit is the only “very low-Ti” (VLT) basalt in the quadrant. Table 2 shows that the
TBD of the western WCF1 is approximately 0.5 K higher than that of the eastern WCF1
at 3.0 GHz, except for the region surrounding Crater A (La Condamine S crater, 25.22◦W,
57.34◦N). In the other three channels, the TBD of the eastern WCF1 is consistent with that
of the western WCF1, indicating the similarity between the two parts.
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Table 2. The SCREP-based FeO, TiO2, and FTA values mapped by Kramer et al. [2] and the four-
channel TBDs of the WCF1, WCF2, WCF3, WCF4, WCF5, WCF6, and WCF7 units.

Units
TBD (K)

FeO (wt %) TiO2 (wt %) FTA (wt %) Age (Ga)
3.0 GHz 7.8 GHz 19.35 GHz 37 GHz

WCF1 4.5 8.8 19.0 35.9 13–14 <1 13–15 3.53

WCF1 (W) 4.7 9.1 19.1 36.3 13–14 <1 13–15 3.53

WCF1 (E) 4.2 8.3 18.8 35.4 13–14 <1 13–15 3.53

WCF2 4.5 9.0 20.5 40.0 12–13 1 13–14 3.49

WCF3 4.9 9.6 20.6 38.4 13–14 1 14–15 3.46

WCF3 (W) 4.9 9.1 19.5 36.4 13–14 1 14–15 3.46

WCF3 (E) 4.9 10.4 22.7 42.2 13–14 1 14–15 3.46

WCF4 4.8 9.6 20.6 39.0 13 1 14 3.43

WCF5 4.8 9.9 21.7 41.3 14 1 15 3.11

WCF6 5.1 10.4 22.3 42.7 14–15 2 16–17 <3.11

WCF7 4.9 10.3 23.0 44.6 15 2–3 17–18 <WCF6

Concerning the WCF2 unit, Table 2 shows that the TBD of the WCF2 unit is 0 K
at 3.0 GHz and 0.2 K higher at 7.8 GHz than that of the WCF1 unit, while it is 1.5 K
at 19.35 GHz and 4.1 K higher at 37 GHz than that of WCF1 unit, which indicates the
complexity of the deposits in the vertical direction. Meanwhile, the same problem pointed
out in the WF1 and WF2 units also occurs here: the SCREP-based FTA of the WCF2 unit
is significantly lower than that of the WCF1 unit; however, the TBD of the WCF2 unit is
higher than that of the WCF1 unit. Thus, theoretically, the FTA of the WCF2 unit should be
higher than that of the WCF1 unit.

The WCF3 unit includes two parts: the western WCF3 and the eastern WCF3. The
TBD maps show that the boundary between the western WCF3 and the nearby WCF6 unit
in the north and that between the eastern WCF3 and its nearby WCF1 unit in the north are
well mapped by the TBD results. However, the TBD of the eastern WCF3 is clearly higher
than that of the western WCF3, and the differences are approximately 0.1 K at 3.0 GHz,
1.3 K at 7.8 GHz, 3.2 K at 19.35 GHz, and up to 5.8 K at 37 GHz (Table 2). Compared with
the TBD results of the other units, the differences are considerably large, and, thus, the
category of the eastern and western WCF3 units is problematic.

Moreover, the TBD maps show that the difference between the western WCF3 unit
and the nearby WCF1 unit is not clear, where the differences are only 0.2 K at 3.0 GHz, 0 K
at 7.8 GHz, 0.4 K at 19.35 GHz, and 0.1 K at 37 GHz. Furthermore, according to the TBD
profiles (Figure 11), compared with the clear difference between the WCF5 unit and the
eastern WCF3 unit, there is no obvious TBD boundary between the western WCF1 unit and
the western WCF3. Therefore, the western WCF3 should be includes as part of the WCF1
unit, and they are both clearly different to the eastern WCF3 (Figure 12).
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In the case of the WCF4 unit, the four-channel TBDs are significantly lower than those
of the WCF6 unit, but higher than those of the eastern WCF1. Compared with the WCF1
unit, the WCF4 unit exhibits a relatively high nTB at noon and a relatively low nTB at
night. According to Issue 1 and the theoretical simulation [24,28], such nTB and TBD results
indicate that the FTA of the WCF4 unit should be higher than that of the WCF1 unit, which
would be inconsistent with the SCREP-based FTA provided by Kramer et al. [2].

One issue that should be noted is the fact that the TBD in the WCF4 unit increases
gradually from the northwest to the east, and the TBD in the eastern area is close to that in
the west of the ECF6 unit (Figure 6). Here, we ascribed the WCF4 unit to the ECF6 unit,
which is discussed further in the following section.

The WCF5 unit is located in the southeast of the WCF quadrant, and the FeO and TiO2
abundances of the pristine basalt were estimated to be 14 wt % and 1 wt % [2]. The WCF5
unit includes the F35 (3.11 Ga) and F37 (2.61 Ga) units mapped by Hiesinger et al. [10].
Here, the TBD maps show that the difference between the F35 and F37 units is almost zero
in each channel. It should be noted that the TBD of the WCF5 unit is slightly lower than
that of the eastern WCF3 (Figure 11). Meanwhile, the noon nTB is lower and the night nTB
is slightly higher in the WCF5 unit compared to the eastern WCF3. Therefore, the FTA of
the WCF5 unit should be lower than that of the eastern WCF3.

In WCF6 unit, the TBD is significantly higher than that of the surrounding WCF1,
WCF3, and WCF4 units. Although the TBD clearly changes from the north to the southeast
of this unit, no clear boundary exists. Meanwhile, the unit has the second highest noon
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nTB and the second lowest night nTB. These TBD and nTB results are consistent with the
SCREP-based FTA of the WCF6 and WCF7 units.

The WCF7 unit has the highest TBD results at 19.35 and 37 GHz, corresponding to the
highest FeO and TiO2 abundances here.

Compared with the ages estimated by Hiesinger et al. [10], the ages of the basaltic
units mapped by Kramer et al. [2] are complicated. The WCF1 unit is mainly located in the
F17 (3.53 Ga), F19 (3.51 Ga), F22 (3.48 Ga), and F23 (3.48 Ga) units. Since the WCF1 unit
is the oldest in the WCF quadrant, we set the age of the unit as 3.53 Ga. The WCF2 unit
corresponds to the F17 (3.53 Ga) and F21 (3.49) units; therefore, it would be rational to set
the WCF2 unit as 3.49 Ga. Most of the western WCF3 unit lies within the F19 (3.51/3.79 Ga),
F22 (3.48/3.63 Ga), F24 (3.47/3.70 Ga), F28 (3.45 Ga), and F37 (2.61 Ga) units, while the
eastern WCF3 unit is close to the F27 unit (3.46 Ga) and its age was set as 3.46 Ga. The
WCF4 unit is located in the F22 (3.48/3.63 Ga), F23 (3.48 Ga), and F30 (3.43 Ga) units, so
3.43 Ga (F30) was set as the age for this unit. The WCF5 unit includes the F35 (3.11 Ga) and
F37 (2.61 Ga) units. According to the relative ages provided by Kramer et al. [2], the WCF6
unit is much younger than the WCF5 unit, at 3.48 Ga (F22) and 3.45 Ga (F28). The WCF7
unit should be younger than the WCF6 unit, which is also younger than 3.6 Ga (F10) and
3.51 Ga/3.79 Ga (F19).

3.2.3. East-Central Frigoris

Figures 4–6 show that the nTB and TBD performances of the ECF quadrant are complex,
or at least they are in the ECF1, ECF2, ECF5, and ECF6 units, all of which show relatively
high 3.0-GHz nTBs both at noon and at night. According to previous studies [28], the warm
microwave anomaly caused by the higher substrate temperature is likely to exist in the
ECF quadrant, which will be discussed further in the next section.

The ECF1 unit has the lowest TBD in the ECF quadrant. The nTB maps show that
the ECF1 unit has the lowest noon nTB and the highest night nTB in the ECF quadrant at
37 GHz (representing the mare deposits in the shallow layer). These nTB and TBD results
are highly correlated with the lowest FeO and TiO2 abundances in the ECF quadrant.

The TBD of the ECF2 unit is notably higher than the ECF1 unit and lower than the
ECF6 unit. The noon nTB of the ECF2 unit is higher than that of the ECF1 unit but lower
than that of the ECF6 unit at 37 GHz, and the opposite is true at night.

Compared with the ECF1 and ECF2 units, at 37 GHz, the TBD and the noon nTB of
the ECF3 unit are higher but the night nTB is lower.

These nTB and TBD results in the ECF1, ECF2, and ECF3 units agree with their
comparative SCREP-based FTA according to the theoretical simulation [24,28].

Table 3 shows that the TBD of the ECF4 unit differs very little from the ECF1 unit: only
0.1 K at 3.0 GHz, 0.4 K at 7.8 GHz, 0.5 K at 19.35 GHz, and 0.4 K at 37 GHz, indicating the
homogeneity of mare deposits in the two units. Meanwhile, the ECF4 unit has a relatively
low nTB at noon and a relatively high nTB at night at 37 GHz, which is also consistent with
the ECF1 unit. Therefore, we combined the ECF4 unit with the ECF1 unit based on the nTB
and TBD results (Figure 12). Hiesinger et al. [10] classified the west of the ECF4 unit as the
ECF1 unit, which also confirmed the reliability of the nTB and TBD results.

The nTB of the ECF5 unit is very close to that of the ECF1 unit, and the TBD discrepan-
cies between the two units are 0.4 K at 7.8 GHz and 0 K in the other three channels (Table 3).
According to the strong relationship between the TBD and the compositions of the mare
deposits, the FTA of the ECF5 unit should be consistent with the ECF1 unit. Therefore,
considering that the FTA is an important basis for Kramer et al. [2] in the mapping of
different units, the ECF1 and ECF5 units should be considered the same unit (Figure 12).
The F7 unit mapped by Hiesinger et al. [10] comprises the ECF1 and ECF5 units, validating
that the combination is reliable.
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Table 3. The SCREP-based FeO, TiO2, and FTA values mapped by Kramer et al. [2] and the four-
channel TBDs of the ECF1, ECF2, ECF3, ECF4, ECF5, and ECF6 units.

Units
TBD (K)

FeO (wt %) TiO2 (wt %) FTA (wt %) Age (Ga)
3.0 GHz 7.8 GHz 19.35 GHz 37 GHz

ECF1 4.1 8.2 17.6 34 14 1 15 3.56

ECF2 4.1 9 19.3 38.2 15 1.5 16.5 3.54

ECF3 4.5 10.2 23.5 46.1 14 3 17 3.47

ECF4 4 7.8 17.1 34.4 13 1 14 3.56

ECF5 4.1 7.8 17.6 34 11–12 1 12–13 3.56

ECF6 5 10.2 21.2 39.6 16 2 18 <3.47

The ECF6 unit has the highest TBD, a relatively high nTB at noon, and a low nTB at
night in the ECF quadrant, which is consistent with the highest FeO and TiO2 abundances
in the unit.

According to the nTB and TBD results, the ECF quadrant contains the new ECF1 unit
(the combination of the ECF1, ECF4, and ECF5 units), the ECF2 unit, the ECF3 unit, and
the ECF6 unit (Figure 12). The new ECF1 is mainly located in the F5 (3.71 Ga), F7 (3.63 Ga),
F8 (3.62/3.76 Ga), F9 (3.62 Ga), F11 (3.58 Ga), and F12 (3.56/3.71 Ga) units. The ECF2 unit
includes the southwestern area of the F12 (3.56/3.71 Ga) unit and the F16 (3.54 Ga) unit.
The ECF3 unit corresponds to the F25 (3.47 Ga) unit, and the ECF6 unit is located in the
F7 (3.63 Ga) and F12 (3.56/3.71 Ga) units. Combined with the relative ages provided by
Kramer et al. [2], the ECF1 unit was set as 3.56 Ga, the ECF2 unit as 3.54 Ga, the ECF3 unit
as 3.47 Ga, and the ECF6 unit is less than 3.47 Ga in age.

3.2.4. Eastern Frigoris

Kramer et al. [2] mapped the East Frigoris into four basaltic units, but the EF1 unit
in Lacus Mortis was not discussed in the study. Compared with the WF quadrant, in
which there is an excellent correspondence between WCF and ECF quadrants, with a good
agreement between the TBD results and the basaltic units, this relationship is poor in the
EF quadrant, and there are no obvious nTB and TBD boundaries between the three units.

Compared with the other basaltic units in the quadrant, the TBD of the EF2 unit is
significantly higher and the nTB of the unit is higher at noon but lower at night (Table 4).
The nTB of the EF3 unit is similar to that of the EF2 unit at noon, but it is significantly
higher than that of the EF2 unit at night (Table 4). Accordingly, the TBD of the EF3 unit is
significantly lower than that of the EF2 unit. Figure 4 and Table 4 show that the EF4 unit
has the lowest TBD and noon nTB in the EF quadrant.

Table 4. The SCREP-based FeO, TiO2, and FTA values mapped by Kramer et al. [2] and the four-
channel TBDs of the EF2, EF3, and EF4 units.

Units
TBD (K)

FeO (wt %) TiO2 (wt %) FTA (wt %) Age (Ga)
3.0 GHz 7.8 GHz 19.35 GHz 37 GHz

EF2 4.5 10 21.7 41.3 14 1.5–2 15.5–16 3.64

EF3 4 9.1 19.9 37.8 13 1–1.5 14–14.5 3.56

EF4 3.8 8.1 18.5 36.2 13 1 14 3.14

Generally speaking, the nTB and TBD performances of the EF2, FE3, and EF4 units are
consistent with the SCREP-based FTA results according to the theoretical simulation [24,28].
Therefore, the composition features obtained by Kramer et al. [2] in the EF quadrant can
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be confirmed by the nTB and TBD results, but the boundaries between these units are
not clear.

The relative ages provided by Kramer et al. [2] are different from the aging results
obtained by Hiesinger et al. [10] and Wilhelms [8]. The EF2 unit is located in the F13
(3.56 Ga), F14 (3.56 Ga), and F34 (3.14 Ga) units, the EF3 unit includes the northeast of the
F13 unit (3.56 Ga), and the EF4 unit corresponds to the F9 (3.62 Ga) and F13 (3.56 Ga) units.
Boyce [7] and Wilhelms [8] estimated the age of the ECF4 unit to be 3.4 Ga and late Imbrium.
Therefore, based on the nTB and TBD results and the age estimated by Hiesinger et al. [10],
Boyce [7], and Wilhelms [8], the EF4 unit is older (approximately 3.64 Ga), the EF3 unit is
about 3.56 Ga, and the EF2 unit is about 3.14 Ga.

3.3. Redrawing Geologic Sketch of Basaltic Units and Remaining Problems

It is difficult to renew fine geologic maps when only using TB maps because the
pixel size of MRM data is 25 km at 3.0 GHz and 17.5 km at other channels. In general,
the pristine compositions exposed by SCREP-based craters, particularly FeO and TiO2
abundances, were the most important references for Kramer et al. [2] in their re-evaluation
of the basaltic units of Mare Frigoris, and the FeO and TiO2 abundances were also the key
regolith parameters of the MRM data when the influence of the surface temperature was
weakened in this study. Thus, based on the analysis described above, the basaltic units in
Mare Frigoris mapped by Kramer et al. [2] were rearranged to obtain a new geologic sketch
(Figure 12). Compared to the geologic map provided by Kramer et al. [2], differences only
occur in the following basaltic units: the western WCF3 unit was included in the WCF1
unit, the ECF4 and ECF5 units were combined with the ECF1 unit, and the WCF4 unit was
included in the ECF6 unit.

According to the nTB and TBD results for Mare Frigoris, we can find the following
three problems:

(1) The spatial distributions of the nTB and TBD values are consistent with the boundaries
of the basaltic units in the WF, WCF, and ECF quadrants mapped by Kramer et al. [2],
as shown in Figures 4–6. This comparison hints at the fact that the MRM data have
the potential capability to probe the pristine basalt under ejecta, such as that reflected
by the SCREP craters.

(2) In most of the basaltic units mapped by Kramer et al. [2], the TBD results have a
strong relationship with the FTA. Whether this relationship is valid or not should be
verified for the whole of Mare Frigoris.

(3) In most quadrants, the TBD results have a good agreement with the basaltic units.
However, there were abnormal 3.0-GHz nTB results for the ECF1, ECF2, ECF5, and
ECF6 units, which are relatively high both at noon and at night. The penetration
depth of a 3.0-GHz microwave is about 1 m to 2 m [15], and the substrate temperature
at this depth is slightly influenced by the surface temperature [30]. The causes of the
TB anomaly, which will be discussed further in Section 4.2.

4. Discussion

Air and water are absent on the Moon, and because of this, microwaves can penetrate
the regolith up to 10 to 20 times their wavelength [15,16], that is, about 1–2 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.
Therefore, the MRM data provide a fresh view of the surface deposits in Mare Frigoris
when compared to the optical observations.

4.1. New Views of Basaltic Volcanism in Mare Frigoris

Although Mare Frigoris has suffered from severe contamination due to impact crater
ejecta, the TB results of the basaltic units provide an opportunity to study the lunar basaltic
volcanism of the maria.



Remote Sens. 2022, 14, 2725 18 of 25

4.1.1. Representation of TB to Basaltic Units

Mare Frigoris is one of the northmost maria on the lunar nearside, and its special
elongated shape means that it has suffered more from severe contamination due to impact
crater ejecta than other maria (Figure 1). Boyce et al. [7] and Hiesinger et al. [10] used Lunar
Orbiter IV photographs and Clementine UVVIS data, respectively, to divide the basaltic
units of Mare Frigoris, and both used the crater size-frequency distribution (CSFD) to
determine the ages of the divided basaltic units. Kramer et al. [2] re-evaluated the basaltic
units of Mare Frigoris by using the pristine compositions exposed by SCREP craters and
the superposition relationship of the stratum. Generally, the results of these studies differ
greatly from each other.

Based on the nTB and TBD maps, this study evaluated the basaltic unit result mapped
by Kramer et al. [2] with reference to Hiesinger et al. [10]. The nTB and TBD results are
consistent with the basaltic units mapped by Kramer et al. [2] (Figures 4–6). Among all
21 units (excluding the EF1 unit in Lacus Mortis), most unit boundaries (in the case of 17
units) agree with the TBD results, but the boundaries of the WCF1, WCF3, ECF1, and ECF4
units do not (Figure 6). In particular, the TBD results for the WF4, WF5, WCF4, WCF6,
ECF3, and ECF5 units strongly agree with the basaltic units obtained by Kramer et al. [2]
(Figure 6). These indicate that the SCREP methodology and MRM data are consistent when
it comes to characterizing basaltic units contaminated by impact crater ejecta.

Figure 13 shows the SCREP-based FeO abundances, TiO2 abundances, and FTA esti-
mated by Kramer et al. [2] and the four-channel TBDs of all units. Here, the TBD is strongly
correlated with the SCREP-based FTA of the basaltic units, that is, a higher TBD is directly
related to a higher FTA.
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The Pearson correlation coefficient (PCC) is one of the most widely used measures of
relationships, and it can measure the linear correlation of two random variables [37,38].
To further evaluate the consistency of the pristine basalt compositions reflected by the
MRM data and SCREP craters, we calculated the PCC between the TBDs and the SCREP-
based FeO abundances, the TiO2 abundances, and the FTAs estimated by Kramer et al. [2]
(Figure 14). The PCC of two sets of data, X (X1, X2, X3, . . . , Xn) and Y (Y1, Y2, Y3, . . . , Yn),
is defined as the ratio between the covariance of the two sets of data and the product of
their standard deviations, which is expressed as follows:

rxy =
∑(xi − x)∑(yi − y)√

∑ (xi − x)2
√

∑ (yi − y)2
(1)

where x = 1
n ∑n

i=1 xi is the mean value of data X and y = 1
n ∑n

i=1 yi is the mean value of
data Y. The coefficient rxy ranges from −1 to 1. If the two sets of data are directly related, rxy
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is positive; otherwise, it is negative. The closer the absolute value of rxy is to 1, the stronger
the correlation between the two sets of data, and the two sets of data do not correlate when
rxy = 0 [37,38].
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In Figure 14, the average PCC is 0.77 between the four-channel TBDs and the FeO
abundances of all units, 0.90 between the four-channel TBDs and the TiO2 abundances of
all units, and 0.86 between the four-channel TBDs and the FTAs of all units. Generally,
the PCC results indicate that there is a very strong correlation between the TBD and the
pristine basalt compositions reflected by SCREP craters.

Therefore, compared with the optical detection results, the TB, especially the TBD, is
highly related to the FTAs of the surface deposits and can represent the composition and
distribution features of pristine basaltic units contaminated by impact crater ejecta.

4.1.2. New Views of Basaltic Volcanism

By combining the TB results, the SCREP-based FTA, and the superposition relationship
of the stratum, two interesting findings related to the basaltic volcanism in Mare Frigoris
were provided.

(1) In every quadrant, the younger basaltic units have the larger FTAs.
In the WF quadrant, according to the above discussions, the FTA of the WF1 unit

should be lower than that of the WF2 unit. Thus, one conclusion can be obtained: the FTA
gradually increases from the oldest WF1 unit to the youngest WF5 unit.

Meanwhile, the same conclusion was not obtained in whole WCF quadrant. As
mentioned in Section 3.2.2, the FTA of the WCF1 unit was overestimated and should be
smaller than that of the WCF2 unit. Thus, from the younger WCF1 unit to the older WCF3
unit, the FTA gradually increased, and from the younger WCF5 unit to older WCF7 unit,
this trend was also detectable. The issue exists from the WCF3 unit to the WCF5 unit,
where the FTA shows a trend of initially decreasing and subsequent increasing. Here, the
relationship between the compositions and age of the WCF4 unit is problematic in the WCF
quadrant. Figures 11 and 12 show that there is no obvious TBD boundary between the
WCF4 unit and the ECF6 unit. Therefore, if the WCF4 unit was removed from the WCF
quadrant and included in the ECF6 unit, the remaining units in the WCF quadrant would
satisfy observation regarding the basaltic volcanism of maria that the younger the age of
the unit, the larger the FTA.

In the ECF quadrant, the new ECF1, ECF2, ECF3, and ECF6 units support the same
conclusion, that is, the FTAs of older units are apparently lower than those of younger
units. In the EF quadrant, if the ages estimated by Hiesinger et al. [10] are adopted, the
ages of the three units still satisfy the observation that the younger the age of the basaltic
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unit, the larger the FTA. Therefore, in every quadrant, the FTA ((FeO + TiO2) abundances)
of the basaltic units increases the younger they are.

(2) SCREP-based FTA results cannot completely avoid the influence of ejecta contamina-
tion. As mentioned in Section 3.2, combined with the TB results and the ages obtained by
Hiesinger et al. [10] and Kramer et al. [2], we simply counted the age of each unit as shown
in Tables 1–4. However, when combining the age and SCREP-based FTA results of all
quadrants together, it was difficult to obtain a similar basaltic volcanism in every quadrant.
In this regard, the accuracy of the estimated SCREP-based FTA was still debatable, and this
can be explained thanks to the following three aspects.

(i) Tables 1 and 3 show that the difference in terms of the SCREP-based FTA between
the WF3 unit and the ECF6 unit is 5 wt %, while the difference in terms of the 37-GHz TBDs
is only 0.4 K. Moreover, the difference in terms of the SCREP-based FTA between the EF1
unit and the ECF1 unit is only 1.5 wt %, but the difference in terms of the 37-GHz TBDs is
as much as 4.9 K (Tables 3 and 4). The same problem also exists in the case of the ECF6 and
WF4 units, the EF1 and ECF1 units, and the WCF1 and WCF2 units.

(ii) In the above discussions, the TBD of the WF1 unit is lower than that of the WF2
unit, while Kramer et al. [2] showed that the FTA of the WF1 is higher than that of the WF2
unit. This circumstance also occurs in cases of the WCF1, WCF5, ECF4, and ECF5 units.
Based on the theoretical simulation [24,28] and the aforementioned PCC between the TBD
and the FTA, a possible reason for this issue is that Kramer et al. [2] overestimated the
FTAs of the WF1, WCF1, and WCF5 units and underestimated the FTAs of the ECF4 and
ECF5 units.

(iii) It has been noted that there are two large craters in Mare Frigoris: the Harpalus and
Aristoteles craters. Apparently, the Harpalus crater has a great impact on the surrounding
WF4 and WF5 units, which is reflected in the gradually decreasing TBD of the WF5 unit
from west to east. The complex relationship between the TBDs, SCREP-based FTAs, and
ages of the EF units is likely brought about by the ejecta from the Aristoteles craters.

Therefore, the TBD results suggest that the SCREP-based FTA results cannot com-
pletely avoid the influence of ejecta contamination. The combination of TBD and SCREP
methodology likely provides a new way to accurately track the FTAs of basaltic deposits in
the context of studying lunar basaltic volcanism in the future.

4.2. TB Anomalies in Mare Frigoris

There are two main types of TB anomalies in Mare Frigoris: the cold microwave
anomaly and the warm microwave anomaly.

4.2.1. Cold Microwave Anomaly

Figures 4 and 5 show two obvious nTB anomalies in the WCF1 and WCF6 units. In
the WCF1 unit, Crater A indicates low nTB values, 3.0 and 7.8 GHz at noon and at the four
channels at night, while Crater B in the WCF6 unit shows low nTB values of 7.8, 19.35, and
37 GHz at night and high nTB values at the four channels at noon. They both present high
TBD values. Such TB behaviors are also found in the Necho, King, Giordano Bruno, and
Vavilov craters [39], and we have called this the cold microwave anomaly, which is brought
about by the existence of surface rocks.

Thus, this brought about a new problem in this study: what was the influence of
surface rocks on our understanding of the relationship between the nTB and TBD results
and the basaltic units?

This problem was also pointed out by Bugiolacchi et al. [40], who observed that the
TBD features of interest are linked to impact craters and their ejecta in the western lunar
farside, resulting in a strong relationship between the size of the anomaly and the target’s
physical properties. Thus, a comparison between the TB behaviors in Crater A (the La
Condamine S crater, 25.22◦W, 57.34◦N) and Crater B (an unnamed crater, 18.65◦W, 60.33◦N)
provided a new way to evaluate the problem.
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To better understand the relationship between the cold microwave anomaly and
surface rocks, a rock abundance map was generated with the Diviner Radiometer data
onboard the Lunar Reconnaissance Orbiter (LRO) satellite [41]. Figure 15 shows the rock
abundance map of Mare Frigoris, which indicates abundant rocks appearing around Craters
A and B. When combined with the findings in the Hertzsprung basin with the MRM data
and the numerical simulation based on the microwave radiative transfer equations [39], the
nTB and TBD results for Crater A are related to the existence of abundant rocks. Therefore,
the cold microwave anomaly, which is related to the rocks in lunar highlands, is also
relevant to the maria and should be taken into consideration in the study of mare deposits
using MRM data.
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However, the nTB and TBD results for Crater B are rather complicated. Here, Figure 15
shows that the rock abundance in Crater B is high, while Figures 4 and 5 show an abnor-
mally high 3.0-GHz nTB at night. In addition to this channel, others point towards a high
nTB at noon and low nTB at night, which are consistent with the high FTA of the surface
deposits in the region [24,28].

Moreover, in addition to the two craters, many craters occur with high rock abun-
dances, but few of them can be identified by the nTB and TBD maps. Therefore, at least
in Mare Frigoris, the main influencing factor behind the TB remains the FTAs of surface
deposits. This finding also confirms the reliability of the new results regarding the basaltic
volcanism of Mare Frigoris based on nTB and TBD performances.

Even so, the influence of rocks on the TB behaviors of surface deposits, as explained by
Bugiolacchi et al. [40], should be considered for younger craters and will be further studied
on a global scale in future.

4.2.2. Warm Microwave Anomaly

In the above discussion, we mentioned an abnormally high 3.0-GHz nTB in Crater B
at night. At 3.0 GHz, high nTB anomalies exist also in the case of the ECF1, ECF6, WCF4,
and WCF6 units, which was outlined in Figure 16a. Meanwhile, the 3.0-GHz nTB is still
high at noon for these units, which is defined the warm microwave anomaly in this study.
In the above section, we provided the abnormal 3.0-GHz nTB results for Crater B. Figure 15
shows that rocks are abundant in Crater B, and, theoretically, the 3.0-GHz nTB should be
cold both at noon and at night [39]. However, the 3.0-GHz nTB is actually high both at
noon and at night in the observation maps (Figures 4 and 5), validating the rationality of
the warm microwave anomaly in the case of Crater B and Mare Frigoris.

https://ode.rsl.wustl.edu/moon/index.aspx
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The warm microwave anomaly also occurs in Mare Nubium and Mare Moscoviense [28].
Through the use of numerical simulations, Meng et al. [28] eliminated the influences of
the FTA of the regolith, surface topography, and surface rocks on the warm microwave
anomaly. They hypothesized that the warm microwave anomaly is probably caused by the
high substrate temperature, which was always set as a constant in previous studies [18,28].
To determine the cause of the warm microwave anomaly is priority when using passive
microwave data [28,42]. The distribution of the warm microwave anomaly in Mare Frigoris
provides some useful information related to this work.

Generally, in Mare Frigoris, the high nTB anomaly is mainly distributed in the ECF6
unit and extends from the boundary between the ECF1 and ECF4 units, through the ECF6
and WCF4 units, to the WCF6 unit, with a linear pattern in the NWW direction. When
studying the gravity map of Mare Frigoris (Figure 16b), the positive Bouguer gravity
anomaly has a clear relationship with the warm microwave anomaly in terms of spatial
distribution. Figure 16b shows the Bouguer gravity anomaly derived from the Gravity
Recovery and Interior Laboratory (GRAIL) mission, where a positive gravity anomaly
extends from the boundary between the ECF1 and ECF4 units, through the ECF6 and
WCF4 units, to the WCF6 unit in a linear pattern, with this agreeing with the distribution of
the warm microwave anomaly. In particular, the positive Bouguer gravity anomaly occurs
at the junction of eastern WCF1 unit and WCF4 unit with a nearly east-west distribution,
coinciding with the warm microwave anomaly here. In addition, a positive Bouguer gravity
anomaly also occurs in the north of WCF1 unit, which also indicates the high 3.0-GHz
nTB anomaly.

Interestingly, Andrews-Hanna et al. [6] indicated the existence of the linear positive
gravity anomaly in Mare Frigoris and interpreted it as a part of the huge magma plumbing
system located in the Procellarum KREEP Terrane (Figure 16b). Moreover, the TB can reflect
the dielectric properties of the regolith within the penetration depth and it is sensitive to
the substrate temperature at 3.0 GHz [17,27]. Meanwhile, because there is no air on the
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Moon, abnormal TB performances are directly related to the thermal state of the shallow
lunar crust and are significant in the study of the thermal evolution of the Moon.

Though the relationship between the positive Bouguer gravity anomaly, the magma
pluming system, and the warm microwave anomaly is not clear, this possible relationship
provides a new, noteworthy avenue of study to pursue in the context of determining the
cause of the warm microwave anomaly and its potential geologic significance using the
MRM data.

5. Conclusions

In this paper, the microwave thermal emission features of the basaltic units in Mare
Frigoris, in addition to their (FeO + TiO2) abundances (FTAs) and ages, were studied using
normalized brightness temperature (nTB) and brightness temperature difference (TBD)
maps generated from Chang’e-2 microwave radiometer (MRM) data and a Bouguer gravity
anomaly map derived from GRAIL data. The main conclusions are as follows:

(1) The nTB and TBD results agree with the basaltic units based on the small crater rim
and ejecta probing (SCREP) methodology. This indicates that MRM data are highly
related to the (FeO + TiO2) abundance of pristine basalts and are less influenced by
ejecta contamination when compared to SCREP-based FeO and TiO2 abundances.

(2) Based on the nTB and TBD results, the SCREP-based (FeO + TiO2) abundance, and the
superposition relationship of the stratum, it was found that, in most quadrants of Mare
Frigoris, the (FeO + TiO2) abundances of basaltic units were higher at younger ages.

(3) A comparison of the rock abundance map and the nTB and TBD results for Craters A
and B indicated that, at least in Mare Frigoris, the (FeO + TiO2) abundances of surface
deposits remains the main influencing factor behind the TB.

(4) The warm microwave anomaly was revealed in the case of the ECF1, ECF6, WCF4,
and WCF6 units, and showed a similar distribution to the Bouguer gravity anomaly
derived from GRAIL data. This provides useful information in the context of deter-
mining the cause of the warm microwave anomaly.

Generally, in Mare Frigoris, in the context of heavy contamination due to impact
crater ejecta, the MRM data verified the discoveries of Kramer et al. [2] concerning pristine
basaltic deposits using SCREP craters, which are difficult to locate directly using optical
data. Moreover, the MRM data provided a new description of the (FeO + TiO2) abundances
of basaltic units and indicated their possible relationship with the deep information revealed
by the Bouguer gravity anomaly. More work should be undertaken to further understand
the relationship between brightness temperature performances and surface deposits on
the Moon.
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