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Abstract—The study of mare basalts in microwave range will be
of great significance to better understand the basaltic units with
complex surface contaminations, particularly in Mare Nubium.
In this article, the China Chang′E-2 Lunar Microwave Sounder
data and the generated normalized brightness temperature (nTB)
and brightness temperature difference (dTB) maps are employed
to evaluate the basaltic units in Mare Nubium. The results are as
follows. First, two regions with hot anomaly are found, which is
likely brought by the high substrate temperature. The anomaly in
central Nubium is extensive in range and high in intensity. Second,
the nTB and dTB performances can pursue the mare deposits
contaminated by the impact ejecta, which reveals special mare
basalt with the thin layer in the southeastern part of Mare Nubium.
Third, the nTB and dTB maps indicate the complexity of the mare
deposits in Mare Nubium. Fourth, the cold dTB anomaly in the
western part is proposed as the floor deposits produced during
the formation of the Nubium basin. These unusual findings will
be of fundamental significance to better understand the basaltic
volcanism and the thermal evolution of the Moon.
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I. INTRODUCTION

MARE Nubium, centered at 20.59°S and 17.29°W, has a
diameter of 714.5 km USGS1, and is one of the most

ancient circular impact basins on the Moon [see Fig. 1(a)]. The
lava flow units in Mare Nubium have a range of ages from
Imbrian to Eratosthenian period (2.8–3.8 Ga) [1], [2]. In this
article, the China Chang’E Lunar Microwave Sounder (CELMS)
data from Chang′E-2 (CE-2) lunar orbiter are used to probe
the microwave thermal emission features of the region around
Mare Nubium. The thermal study of the regions in microwave
wavelengths can be used to acquire valuable information about
the volcanic history of the Moon compared to the optical and
earth-based radar data.

Until now, visible and infrared data were widely used to
evaluate the basaltic volcanism in Mare Nubium. Such remote
sensing data reveals subtle color differences of the basaltic units
within the Mare [3]–[5], as well as compositional differences
[6]–[9]. By processed Clementine data, Rose and Spudis indi-
cated that Mare Nubium has undergone a prolonged and complex
volcanic evolution [10]. Multiple flows of different age and
composition have resurfaced the basin floor, and although the
flows in Nubium are prominent, they are thin. Hiesinger studied
ages and stratigraphy of the mare basalts and proposed that the
lava flow units in Mare Nubium have a range of ages from
Imbrian to Eratosthenian period (2.8–3.8 Ga), with most units
having formed in the Late Imbrian period at 3.3–3.5 Ga [2].
Bugiolacchi et al. mapped the stratigraphy of Mare Nubium,
and nine potential mare units are mapped and classified [see
Fig. 1(b)], each with its characteristic chemical composition
(FeO and TiO2 abundances) and age [11]. Using LROC WAC
data, Korokhin et al. consider this area as shallow flooding of
an elevated formation of highland composition, the material of
which could have been excavated and mixed up with upper layers
of the lunar surface through meteoroid impacts [12]. A new
geologic map around Mare Nubium has been drawn using CE-1
images, CE-2 images, imaging interferometer spectral data, and
X-ray and Gamma-ray Spectroscopy data of CE-1 [13].

However, the penetration of the visible light and infrared
radiation is only a few microns over the lunar regolith [11],

1 https://planetarynames.wr.usgs.gov/Feature/3684
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[14]. In this penetration depth, the lunar regolith is easily con-
taminated by the impact ejecta from the faraway distances [15].
Particularly, Ptolemaeus (1.8°W, 9.2°S, 153.7 km), Alphon-
sus (2.8°W, 13.4°S, 110.5 km), and Arzachel (1.9°W, 18.3°S,
97.0 km) craters locate near the eastern border of Mare Nubium.
In addition, the ejecta from Bullialdus crater (22.2°W, 20.7°S,
60.7 km) within the Mare and Tycho crater (11.4°W, 43.3°S,
85.3 km) in the south clearly alter the regolith in the shallow
layer, which makes it difficult to study the basaltic volcanism of
Mare Nubium. To weaken the influence of the ejecta coverage,
the earth-based radar data are employed, which indicate a new
understanding of the lava flow complexes and reveal possible
pyroclastic deposits hidden by the materials ejected from the
highlands [16].

In China’s CE-1 and 2 missions, the CELMS instrument has
worked for more than 2 years. The penetration depth of the used
microwave signal at 3.0 GHz can be up to several meters in the
lunar regolith [14]. The microwave data are also sensitive to the
substrate temperature and compositions of the lunar regolith and
are less influenced by the surface topography [17]–[19]. These
characteristics provide a new way to evaluate the basaltic units
and volcanism in Mare Nubium.

In this article, the CELMS data from CE-2 satellite are used
to evaluate the basaltic units in Mare Nubium. The rest of this
article is organized as follows. In Section II, the brightness
temperature (TB) of the basaltic unit is numerically studied with
the radiative transfer simulation. The CELMS data processing
is presented in Section III. Section IV briefly presents the TB
features of basaltic units at daytime and night, as well as the
corresponding TB difference features. Section V gives several
important findings of the basaltic units in Mare Nubium, and the
conclusions are given in Section VI.

II. TB OF BASALTIC UNITS

The interpretation and implication of the microwave data
are the fundamental work needed to study the geology of the
Nubium Basin. Therefore, to better understand the basaltic units
with the TB and the TB difference (dTB) derived from the
CE-2 CELMS data, the radiative transfer theory is used to
theoretically study the thermophysical features of the regolith
in the corresponding units.

The commonly used regolith model includes two layers,
which are the regolith layer in the upper and the rock layer
in depth. Considering that the observation angle of the CELMS
instrument is 0°, the TB (or TB) of the lunar regolith can be ex-
pressed as follows (suppose downward is the positive direction)
[17], [19]:

TB =
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Fig. 1. (a) Geographical map and (b) geologic map [11] of Mare Nubium.

Fig. 2. Change of simulated TB with FTA and surface temperature [19].

where d is the regolith layer thickness; ka1 and ka2 are the
absorption coefficients in the lunar regolith and rock layers,
respectively; T(z) is the temperature profile; r1 and r2 repre-
sent the effective reflectivity values of the free space–regolith
and regolith–rock interfaces, respectively; and 1/(1−L) is the
multireflection coefficient.

The decisive factor for the parameters of r1, r2, ka1, and ka2
is the dielectric constant, which is expressed in the following
[20]: {

ε′ = 1.919ρ

tan δ = 100.038S+0.312ρ−3.260 (2)

where ρ is the density of the lunar regolith; ε’ is the real part of
the dielectric constant, tanδ is the loss tangent, and S (wt.%) is
the (FeO + TiO2) abundance (FTA).

Based on this, the relationship between the TB and the ther-
mophysical parameters of the lunar regolith can be constructed.
Here, d is assumed to be 5.7 m. The temperature profile is
calculated with the thermal conductivity model and the outmost
depth temperature is given as 252 K [21]. The hyperbolic model
is used for ρ. The dielectric constant of the rock layer is as-
sumed to be 6.15 + i0.155 (sample No.1555 from Apollo 15
mission). Thus, the change of TB with FTA in different surface
temperature conditions can be simulated with (1), as well as dTB
performances (see Fig. 2).

Fig. 2 indicates several important issues that are helpful to
understand the microwave thermal emission features of the
basaltic units.
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First, considering that the younger basalts have higher FTA
[10], [11], the TB of the younger basalts should be higher at
daytime but lower at night compared to the basalts with lower
FTA according to Fig. 2. This finding provides a chance to
evaluate the basaltic units erupted at different times, including
the testing of pyroclastic deposits with special thermophysical
parameters.

Second, the dTB, defined as the difference of the same-
channel TB from daytime to night, has been proved to be
directly related to the regolith thermophysical features within
the corresponding microwave penetration depth [18], [19], [22].
Fig. 2 indicates that the dTB is up to about 320 K at 37 GHz and
about 100 K at 3.0 GHz (40 wt.% FTA), which is considerably
higher than the TB changes: about 90 K (37 GHz) and 30 K
(3.0 GHz) at noon and about 80 K (37 GHz) and 27 K (3.0 GHz)
at night. Thus, a dTB map may propose a potentially important
new way to study the basaltic units in Mare Nubium.

Third, the TB in different channels is the integration of the re-
golith parameters in the corresponding penetration depth, which
means that the TB reflects the volumetric features of the basaltic
units. This is useful to identify the mare basalts rearranged and
masked by the ejecta of the craters in far distances.

Finally, the regolith thickness, surface slope, and roughness
also play an essential role on the propagation of the microwave.
However, the average regolith thickness is about 5.7 m in Mare
Nubium [23], which is much thicker than the penetration depth of
the microwave used by the CELMS instrument [19], [24]. Thus,
the influence of the regolith thickness on the TB is neglected in
this study. Furthermore, considering the observation angle of the
CELMS instrument is 0°, the impact of the surface roughness can
also be ignored. For the surface slope may alter the effective solar
illumination, the evaluation of the TB and dTB performances
should take the surface slope into account.

III. DATA PROCESSING

A. CELMS Data

The CELMS data used in this study were collected by the
microwave sounder onboard the CE-2 satellite, which operated
at 3.0, 7.8, 19.35, and 37.0 GHz from October of 2010 to May
of 2011. The observation angle was 0°, and the temperature
resolution was about 0.5 K. The original data we obtained
were at the 2C-level after the system calibration and geometric
correction, in Planetary Data System archive format. As a single
file, the 2C-level data contain a header and a table of measured
data, which includes the observation time, four-channel TB,
solar incidence and azimuth angles, selenographic latitude and
longitude, orbit altitude, and data quality state.

1) TB Maps Generation: The study area ranges from about
10°S to 30°S, 5°W to 30°W. First, the hour angle method is
introduced to ascribe the selected TB points into 24 h combined
with the solar incidence and azimuth angles and the seleno-
graphic latitude and longitude values read from header files [14],
[17]. The purpose of this process is to weaken the TB variations
brought by the observation time, since the surface temperature
changes greatly with the observation time [20], [25], [26]. Then,
the scatter maps are plotted to identify the proper hour angle,

Fig. 3. TB maps of Mare Nubium at 37 GHz (unit: K). (a) Daytime. (b) Night
(Lambert Conformal Conic projection).

for the quantity of the CELMS data is not enough to cover
the whole ranges of Mare Nubium in the 24-h angles. Through
the comparisons of the scatter maps, the CELMS scatter plots
from1 to 2 A.M. and from 9 to 10 A.M. are the relatively better
candidates to represent the TB at daytime and nighttime. Finally,
a seventh-degree polynomial fitting scheme was used to generate
the TB maps at 3.0, 7.8, 19.35, and 37.0 GHz with a spatial
resolution of 0.25° × 0.25° (see Fig. 3).

In order to better understand the TB performances, the bound-
ary of the basaltic units by Bugiolacchi et al. [11] is vectorized
and overlaid on the TB and the following normalized TB (nTB)
and dTB maps. Fig. 3 indicates a good correlation between the
TB performances and the basaltic units, especially in Nicollet
crater (12.5°W, 21.9°S) and its north section. Moreover, the
visible ejecta rays in the spectral data [see Fig. 1(a)] are absent
in the TB maps, indicating the relatively weaker influence of the
impact ejecta on the TB of the original deposits of the basaltic
units. Additionally, the basaltic units present different TB perfor-
mances from daytime to nighttime. Thus, the TB maps provide
a new understanding of the basaltic units in Mare Nubium
compared to the optical data and even the radar observations.

Furthermore, Fig. 3 also shows that the variation of the TB
with latitude is up to 20 K at daytime and night, which is much
larger than that brought by the compositions of the lunar regolith
in different basaltic units—no more than 5 K in the regions along
the same latitude. Thus, the change of the TB with latitude must
be weakened. In the previous studies, the nTB and dTB maps
were proposed to weaken this effect [18], [19], [22], [27], which
are also tried in this study.

2) nTB Maps Generation: To obtain the nTB maps, the
standard TB values of every latitudes are proposed [18], [19],
[22], [27]. At first, one TB is selected for every latitude on the
conditions that the FTA, surface slope, and rock abundance are
similar in all selected positions (the dots in Fig. 4), which can
be read from the JMARS software. Second, a fitting curve is
made according to the selected TB points (the solid line in
Fig. 4), and the fitted value is defined as the standard TB for the
corresponding latitude. Fig. 4 indicates that the fitting curves
efficiently eliminate the random fluctuation of the selected TB
in the places without identical regolith parameters, which rep-
resents standard TB at the given latitude. Finally, the nTB maps
can be generated using the TB divided by the standard TB along
the same latitude [18].
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Fig. 4. Generation of standard TB. (a) Daytime. (b) Night.

Fig. 5. nTB map of Mare Nubium at daytime. (Lambert Conformal Conic
projection). (a) 3.0 GHz. (b) 7.8 GHz. (c) 19.35 GHz. (d) 37.0 GHz.

Through this method, the nTB maps at daytime (see Fig. 5)
and night (see Fig. 6) are generated. Compared to Fig. 3, the
change of the TB with the latitude is significantly weakened,
which is clearly expressed in the nTB values along the 25°W
longitude. However, the relatively higher nTB in the southern
inner wall and the lower nTB in the northern inner wall of Bullial-
dus crater postulate that the surface slope still plays an important
role in the generated nTB maps. Additionally, compared to the
optical results [2], [11]–[13], the nTB maps at different channels
and times show distinctly different views of the mare deposits in
Mare Nubium, which will be discussed in the following section.

3) dTB Maps Generation: The dTB is defined as the dif-
ference between the daytime TB and the night TB of the same
frequency, which is proposed to be directly related to the regolith
thermophysical parameters within the penetration depth of the
corresponding microwave [18], [19], [27]. Therefore, the dTB
maps were also generated in this study (see Fig. 7). Interestingly,
Fig. 7 indicates a largely good agreement between the geologic
boundaries and the dTB performances, especially in unit IIf
in the southern part of the Mare Nubium and units Ib and IId
south to Fra Mauro peninsula. Moreover, the dTBs in the units
with higher FTA are obviously higher than those with lower
FTA, which corresponds with the simulation in Section II. In
addition, the craters Guericke Kundt (11.6°W, 11.6°S), Birt

Fig. 6. nTB map of Mare Nubium at night (Lambert Conformal Conic pro-
jection). (a) 3.0 GHz. (b) 7.8 GHz. (c) 19.35 GHz. (d) 37.0 GHz.

Fig. 7. dTB map of Mare Nubium (unit: K) (Lambert Conformal Conic
projection). (a) 3.0 GHz. (b) 7.8 GHz. (c) 19.35 GHz. (d) 37.0 GHz.

(8.6°W, 22.4°S), Nicollet (12.5°W, 21.9°S) craters and several
craters near Lassell (7.9°W, 15.5°S), Pitatus (13.5°W, 29.8°S)
with larger dTB values and Bullialdus crater with lower nTB
are clearly presented in Fig. 5. This outcome proves that the
generated TB maps are rational in the values and the positions.

Furthermore, Figs. 3 and 5 depict that the nTB in the southern
inner wall is higher than that in the northern part of Bullialdus
crater, whereas Fig. 7 shows an evenly distributed low dTB
similar to the FTA in the following Fig. 8, as well as to the
other craters. This means that the surface slope plays a minor
role on the generated dTB maps. Thus, the dTB will provide a
specially important role in understanding the basaltic units in
Mare Nubium.

B. Clementine UV/VIS Data

FeO and TiO2 abundances are the important parameters to
change the absorption feature of the lunar regolith [14]. The
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Fig. 8. FTA map of Mare Nubium (Lambert Conformal Conic projection).

TABLE I
AVERAGE DTB AND FTA OF THE IMPORTANT UNITS

methods developed by Lucey et al. [7] are widely used to
retrieve the FeO and TiO2 abundances with Clementine ultravio-
let/visible (UV/VIS) data, which are also employed in this study
to obtain the FTA map of Mare Nubium (see Fig. 8). Here, the
FTA result is validated with that obtained by Bugiolacchi et al.
[11] and by Wu [28] with the CE-1 IIM data.

Fig. 8 shows that the relatively higher FTA occurs in the
central, southern, and eastern parts of Mare Nubium, whereas the
FTA in the western part is relatively lower. The regions within
Bullialdus crater and surrounding Wolf crater (16.6°W, 22.8°S)
postulate the lowest FTA.

IV. RESULTS

Figs. 5–7 present a different view of Mare Nubium compared
to the optical and radar results.

A. nTB Features of Basaltic Units

According to the compositions and estimated age of the lunar
regolith, the lava basalts in Mare Nubium are separated into the

Late Imbrian Epoch (I), the early Eratosthenian Period (II), and
the late Eratosthenian Period (III) as shown in Figs. 1(b) and 7(c)
[11]. Figs. 3, 5, and 6 indicate a fairly weak correlation between
the nTB performances and the basaltic units.

At daytime, the nTB performances largely agree with the
FTA distributions, where the higher FTA in the eastern part
of Mare Nubium corresponds well with the larger nTB here,
and vice versa for the western part. However, the detailed nTB
performances are hard to understand by the optical results. At 3.0
GHz, the nTB is highest in the central Nubium, and the ranges
include the northern part of unit IIIh and the nearby units Ib and
IIe in the west and units IId and Ic in the east. At 7.8 GHz and
19.35 GHz maps, the regions with the highest nTB extend in
the south and east directions, and the relatively higher nTB also
occurs in the southwestern part of Mare Nubium, just west to
the Kies (22.6°W, 26.3°S) and Konig (24.7°W, 24.2°S) craters.
Only at 37 GHz map do the dTB performances show a positive
correlation with the basaltic units identified by Bugiolacchi
et al. [11], but the highest nTB occurs in units IIf and Ia in
the southeastern part of Mare Nubium.

At night, the nTB indicates a rather complex understanding of
the basaltic units. As mentioned in Section II, the regions with
higher FTA should have lower TB and nTB at night, which is
verified by the nTB performances in Nicollet crater, unit IIIg east
to Fra Mauro peninsula, and units IIf and Ia in the southeastern
part of Mare Nubium. However, the nTB performances at 3.0 and
7.8 GHz are still highest in the central Nubium, and the range is
slightly smaller than that at daytime. This phenomenon is even
worse at 37 GHz, where the differences between the eastern and
western Mare Nubium are hard to recognize.

Additionally, several special nTB performances should be
mentioned.

First, in unit Ib centered at (10°W, 14°S), both the 3.0 GHz
dTB values at daytime and night are similarly high as the central
Nubium, while the ranges of the daytime and night nTB are much
smaller than those of the latter.

Second, the patch near Wolf crater (17.6°W, 16.3°S) has the
highest 3.0 GHz nTB at daytime, while it is similar to its vicinity
at the 7.8 and 19.35 GHz maps, but it is lower than its vicinity
at 37 GHz. At night, this patch presents the highest nTB at 3.0
and 7.8 GHz maps, while it is similar to its vicinity at 37 GHz.
Combined with the penetration depth of the used microwave
[19], [24], this means that the thermophysical parameters of the
mare deposits are changing greatly with depth in this place.

Moreover, one thing that puzzled us is that the FTA here is
rather low as shown in Fig. 8, which is therefore identified as
highlands materials in Fig. 1(b). Such low FTA could not support
the highest 3.0 GHz nTB both at daytime and night according
to the theoretical simulation in Section II.

Third, to unit IIf in the western part of Mare Nubium, the nTB
is similar to the nearby regions at 3.0 GHz both at daytime and
at night, but it is apparently higher at daytime and lower at night
than the nearby regions at the other three channels. This nTB
performance agrees with the simulation results in Section II.
Moreover, this also indicates a rather thin layer of mare deposits
in the region if the penetration features of the used microwave
are considered.
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Fourth, unit w surrounding Bullialdus crater has the lowest
nTB at daytime but the relatively higher nTB at night, which
is rational according to the theoretical simulation in Section II
because of the lower FTA occurring in this region.

Unit x centered at (6°W, 20°S) is considered to be remnants
of the oldest exposed basaltic flows, which shows compositions
similar to the neighboring highlands [11]. The nTB in this unit is
lower than the neighboring highlands both at noon and at night,
indicating the particularity of the regolith deposits in this region.

Finally, there occur abundant craters with rather low nTB at
nighttime 7.8 and 37 GHz maps, including Kundt, Birt, Nicol-
let craters, and several craters near Lassell, Pitatus (13.5°W,
29.9°S), Campanus (27.9°W, 28.0°S), Lubiniezky (23.9°W,
17.9°S), and Opelt (17.6°W, 16.3°S). However, they are not clear
at 3.0 GHz and the four channels at daytime.

These phenomena will be further discussed in the following
section.

B. dTB Features of Basaltic Units

The simulation results in Section II indicate that the highlands
with the lowest FTA should have the lowest dTB values, which is
verified by the dTB performances in the east and southwest parts
of the study area. The dTB is the second-lowest in the western
Nubium, and the highest dTB exists in the basaltic units in the
eastern part of Mare Nubium, including units IIIg, Ib, and IIf.
Moreover, for unit IIIh in central Nubium with the highest nTB
at daytime and night, only the northern part of the unit indicates
the highest- and second-highest dTB values. Generally, within
Mare Nubium, the dTB performances can be categorized into
the following three regions.

The first region includes unit IIf with green color in the
southeastern and western parts in Fig. 1(b), where the FTA
is lower than the central Nubium but higher than the nearby
highlands. The dTB in the southeastern part is second highest,
similar to the central Nubium at 3.0 and 7.8 GHz, but it is much
higher than the central part at 19.35 and 37 GHz. In the western
part, the dTB is similar to the nearby highlands at 3.0 GHz, but it
is similar to the central Nubium at the other three channels. These
both mean the change of regolith thermophysical parameters
with depth. Also, the mare deposit in the western part is different
from the southeastern part in the depth layer.

The second region is mainly unit IIIh with blue color in the
central Nubium in Fig. 1(b), where the FTA is nearly highest
in Mare Nubium. However, the dTB maps indicate that there
exists a dTB anomaly in the northern part centered at (14.8°W,
19.3°S), where the dTB is clearly higher than the other places
of the unit. Moreover, the dTB performances of unit IIIg in the
northeastern part are similar to the high dTB anomaly, indicating
the homogeneity of the regolith in depth revealed by the CELMS
data. Unfortunately, this also means the different mare deposits
of IIIh unit beyond the anomaly.

The third region is unit w in the middle-western part of Mare
Nubium, where the FTA is a bit higher than the highlands but
apparently lower than the second region above. However, the
dTB is as low as the highlands at the four channels. Here, the
Bullialdus crater indicates the relatively lower FTA and lowest

dTB values. Considering the cratering mechanism brought by
Bullialdus crater, the lowest dTB means the special materials
existed in this region.

What astonished us are the dTB performances in units cen-
tered at (26°W, 26°S) and (17.7°W, 27.1°S). Here, they are
categorized into unit w as that surrounding Bullialdus crater.
However, their dTB values are much higher than those sur-
rounding Bullialdus crater, which are similar to the dTB of unit
IIIg in the northeastern part. This finding means that the mare
deposits here are different from those surrounding Bullialdus
crater, though they belong to the same geologic unit.

Moreover, the dTB performances in the four channels are also
different.

At 3.0 GHz, the relatively lower dTB mainly occurs in the
highlands and the western units including IIf and w and unit IId
in the southern part. At the other three channels, the regions with
relatively lower dTB extend to the east, which reaches units Ib
and IId near the north part of unit IIIh. Meanwhile, unit IId in
the southern part indicates a higher dTB similarly to unit IIIh.
Considering the penetration ability of the microwave used by the
CELMS instrument, this again means the change of the regolith
thermophysical parameters with depth in these basaltic units.

Considering the dTB is obtained by subtracting the night TB
from the daytime TB, the results are hoped to be less affected
by the thermophysical parameters of the substrate deposits and
be directly related to the regolith thermophysical parameters
within the penetration depth of the used microwave. This will
be a meaningful supplement to improve understanding the nTB
performances of the basaltic units.

V. NEW VIEW OF MARE NUBIUM

The nTB and dTB performances indicate a complex under-
standing of Mare Nubium.

A. High nTB Anomaly

The high nTB anomaly will mislead us in understanding the
thermophysical features of the basaltic units in the microwave
range. Thus, it is discussed first.

In Section IV-A, we found that the nTB performances in
the patch near Wolf crater are abnormal, for the low FTA here
could not support the fairly high nTB both at daytime and night
according to the theoretical simulation in Section II. The range
of the anomaly can be extended to the whole central part of Mare
Nubium, which makes it difficult to understand the basaltic units
at 3.0, 7.8, 19.35 GHz maps at daytime and the nighttime maps.

A similar phenomenon also occurs in Maria Moscoviense
and Orientale. After studying the regolith thermophysical pa-
rameters with the theoretical simulation, Meng et al. [19], [29]
proposed that the higher substrate temperature should be respon-
sible for the nTB anomaly of this kind.

Here, the dTB maps are proposed to eliminate the influence of
the substrate temperatures [18], [19], [27]. Interestingly, Fig. 7
postulates a relatively lower dTB at 3.0 GHz in the patch near
Wolf crater, which is similar to unit w surrounding Bullialdus
crater. Moreover, the dTB at 3.0 GHz in central Nubium is sim-
ilar to the most extensive regions in the middle and eastern parts
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of Mare Nubium, indicating the homogeneity of the regolith
thermophysical features in the shallow layer. Thus, there are no
special materials supporting the high nTB anomaly at 3.0 GHz.
This validates that only the higher substrate temperature can
support the higher daytime and nighttime nTB.

Moreover, the daytime nTB of unit IIIg in the eastern part,
unit IIf in the southeastern part, and the units IId and IIf in
the southwestern part is clearly higher than the nighttime nTB,
which agrees well with the relatively higher FTA according to
the theoretical simulation in Section II. This again verifies that
the higher substrate temperature is likely the cause for the high
nTB anomaly of the central Nubium. If so, this will be the largest
region with the high TB anomaly ever discovered over the lunar
surface.

Elphic et al. [8] indicated that radioactive elements are abnor-
mally high in Mare Nubium, which may support our hypothesis
about the higher substrate to some extent. Moreover, Ji et al. [30]
proposed an uplift using the LRO LOLA data, and the position
of the uplift largely agrees with the hot anomaly. This implies
that the possible relationship between the uplift and the nTB
anomaly. Additionally, Korokhin et al. [12] found a photometric
anomaly (17.7°W, 21.6°S), which is just inside the hot anomaly.
The simultaneous existences of the high nTB anomaly, the high
radioactive elements anomaly, the uplift, and the photometric
anomaly all help to provide a new view on the thermal evolution
of Mare Nubium.

The hot anomaly is centered at (15°W, 21.5°S). The shape of
the anomaly is an ellipse with about 240 km in length and 180 km
in width. This is the largest hot anomaly we met when studying
the substrate thermal anomaly with the CELMS data. We have
evaluated the hot anomaly in Mare Moscoviense [19], but its
size is much less than this anomaly. Also, the hot anomaly does
not affect our comparison between the CELMS data and optical
results. The hot anomaly in central Nubium has heavily altered
the thermal emission features of the basaltic units, indicating
that the intensity is high.

In addition, the nTB performances in unit Ib centered at
(10°W, 14°S) show that it is another region with the hot anomaly.
The double existences of the hot anomalies and the high intensity
again imply the particularity of Mare Nubium in studying the
thermal evolution of the Moon, which deserves to be further
studied with more sources of data.

This finding also gives a rational interpretation of the complex
nTB performances in Mare Nubium as mentioned in Section IV.

B. Basaltic Units

To better understand the microwave thermophysical features
of the deposits in Mare Nubium, the average dTB and FTA values
of the important basaltic units are presented in Table I. The
complex of the basaltic units is expressed as follows.

First, the nTB and dTB performances in the northeastern unit
IIIg agree well with its younger age and highest average FTA.
However, although unit IIIh in central Nubium is similar to
unit IIIg in age and average FTA, the dTB in most places is
much lower than that in unit IIIg. Even in unit IIIh, the dTB in
the northern part is higher than the regions beyond the north,

meaning the different mare deposits in the northern part. We
mentioned that the unit is heavily contaminated by the impacted
ejecta indicated by Figs. 1(a) and 8. Thus, the dTB performances
show that the current geologic identification is not enough only
using the optical data.

Second, the nTB performances postulate a negative view on
the relationship between the FTA of the basaltic unit and its
age. Bugiolacchi et al. [11] proposed that the FTA is largely
increasing with the younger ages of the basaltic unit in Mare
Nubium. Moreover, according to the simulation in Section II, the
units with higher FTA should have higher nTB at daytime, lower
nTB at night, and higher dTB values [19], [31]. Therefore, the
units marked III in the late Eratosthenian Period should have the
highest daytime nTB, the lowest night nTB, and the highest dTB.
However, the nTB and dTB performances do not support the
conclusion. The abnormal nTB performances can be attributed
to the relatively higher substrate temperature. Nevertheless, the
dTB performances hint the change of the regolith parameters
with depth in the basaltic units.

This is particularly apparent in unit IIf in the southeastern
part. Here, the average dTB at 3.0 GHz is 3.0 K, approximating
the 3.1 K in the west unit IIIh. However, from 7.8 GHz, the
dTB in unit IIf becomes apparently higher than unit IIIh, which
is even higher than unit IIIg with the highest average FTA
in the northeastern part. Considering the penetration features
of the used microwave [19], [24], this means that the mare
deposit in depth below 100 cm (3.0 GHz microwave penetration
depth in the regolith with higher FTA) is low in FTA as the
west unit IIIh. It is fairly rich in FTA from 38.5 cm (7.8 GHz
microwave penetration depth) to 16.2 cm (37 GHz microwave
penetration depth in the regolith with lower FTA). Interestingly,
the average FTA estimated with Clementine UV/VIS data here
is only 18.6 wt.%. This means that the regolith of the unit is
heavily contaminated with the materials with lower FTA in the
shallow layer. Moreover, the nTB performances also support the
FTA-rich deposits in depth layer, as discussed in the previous
section. This also means a rather thin layer of mare deposits
here, less than 1 m.

Notably, the famous straight wall and Rima Birt also exist
in this unit. Combined with the thin basalt layer, this hints that
the basaltic volcanism in the southeastern unit IIf may be fairly
significant in Mare Nubium.

Furthermore, this finding brings a new problem to understand
the relationship between the FTA and the age of the basaltic
units. Xiao et al. [32] and Meng et al. [18] both mentioned the
accuracy of the age method by crater counting. The mare basalts
with a thin layer and heavy surface contamination exacerbate the
problem. Thus, how to identify the age of such units will be a
new topic of the basaltic volcanism study.

Third, unit w is the impact ejecta mainly distributed surround-
ing Bullialdus crater, which has the lowest daytime nTB, the
relatively higher night nTB, and the lowest dTB. However, the
patches of unit w centered at (26°W, 26°S) and (17.7°W, 27.1°S)
indicate a considerably high dTB, meaning that the deposit here
is different from that surrounding Bullialdus crater.

Meanwhile, the units centered at (15.3°W, 27.9°S) and at
Nicollet crater also show the similar nTB and dTB performances



2482 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 13, 2020

as those centered at (26°W, 26°S) and (17.7°W, 27.1°S). These
nTB and dTB performances indicate a fairly high FTA enriched
in the mare deposits according to the simulation in Section II.
Bugiolacchi et al. [11] suggested the local chemical anomalies
occurring in the unit centered at (15.3°W, 27.9°S). Thus, more
work should be done to explain the TB and composition anomaly
of this kind.

Finally, the nTB and dTB performances in unit IId centered
at (11.5°W, 19.0°S) are apparently different from those in unit
IId centered at (20.4°W, 27.7°S), which indicates the similar
surface features in optical data. Moreover, the nTB and dTB
performances in unit IId centered at (11.5°W, 19.0°S) are similar
as those in unit Ib centered at (14.3°W, 17.0°S), which indicates
the different surface features in optical data.

A similar phenomenon also happens to abundant basaltic
units, again showing the complexity of the mare deposits in
Mare Nubium.

Even so, the dTB maps and the daytime nTB map at 37 GHz
clearly indicate that the mare basalts in the units near the east
margin of Mare Nubium is considerably young, followed by the
mare basalts in the central Nubium, and those in the western
Nubium are oldest. However, even in the units near the east
margin, the dTB and nTB performances indicate that the mare
basalts in the northern part are high in FTA, whereas unit IIf in
the southern part only has a thin layer of FTA-rich basalt and its
surface layer is covered by the deposits with a relatively lower
FTA. The complex dTB and nTB performances of the mare
deposits prohibit us to give a new interpretation of the basaltic
volcanism in Mare Nubium with only the CELMS data.

C. Possible Pyroclastics

The floor of Lassell crater has been previously identified as
having spectral characteristics indicative of pyroclastic deposits
[33]. Carter et al. [16] suggested a larger area of pyroclastic
deposits including Lassell crater and the highlands to the west
using the earth-based radar data. The pyroclastic deposits have
been proved to have the special dielectric features [16], [33],
which should be detected by the CELMS instrument. How-
ever, no special nTB and dTB performances are found in the
aforementioned places. Maybe this phenomenon can in part be
attributed to the strong thermal anomaly in central Nubium

Therefore, Mare Nubium is not a proper place to study the
thermophysical features of the pyroclastics with the CELMS
data.

D. The Cold Anomaly

In Section IV, we mentioned several cold spots in the night
nTB maps. The causes of these cold spots are not clear. At night,
abundant craters show the very low nTB at 7.8 and 37 GHz
maps, including Kundt, Birt, Nicollet craters, and several craters
near Lassell, Pitatus, Campanus, Lubiniezky, and Opelt. These
craters present very high dTB values. Chan et al. [34], Zheng
et al. [14], Gong and Jin [35], and Meng et al. [18], [27]
suggested that the TB in the craters with abundant rocks will be
higher at noon and lower at night. Here, the night nTB and dTB
performances at 7.8, 19.35, and 37 GHz agree with the previous
studies. However, the anomaly in the aforementioned craters

is not clear at 3.0 GHz, indicating that the deposits brought
the cold anomaly occur in the shallow layer, less than 2 m
penetrated by the 3.0 GHz microwave in such regions. Moreover,
the anomaly is also not clear at daytime. This may be attributed
to the observation time, from 9 to 10 o’clock, and the difference
between the special deposits and the normal regolith is likely
not enhanced at this time. Thus, what is the best time to measure
the mare deposits and the rock information should be taken into
consideration in future.

Moreover, the low dTB anomaly also occurs in the western
part of Mare Nubium, mainly including unit w, defined as ejecta
blankets by Bugiolacchi et al. [11]. It is recognized as the basaltic
units covered by the impact ejecta [11]. However, the basaltic
deposits are not revealed by the CELMS data. Thus, if they
are the impact ejecta, their source is in doubt for the following
two reasons. First, Bullialdus crater is not responsible to the
source, since Fig. 8 indicates that most ejecta are in the northwest
direction but not centered at the crater [11]. Second, they are also
not attributed to Tycho crater, for the ejecta thickness should be
rather thin according to the cratering mechanism [35]. Then, the
low dTB anomaly should not be attributed to the impact ejecta.
If so, the deposits here should be the regolith mainly located in
the original places. That is, the unit with low dTB and low TA is
the Mare floor deposits produced during the formation of Mare
Nubium.

To verify our deduction, the 70-cm earth-based radar results
by Carter et al. [16] are also introduced. The radar map presented
by Carter et al. [16] only reaches the near-western part of
Bullialdus crater. Even so, the radar tone in the low dTB anomaly
is different from that in the central Nubium, also indicating the
difference between the two regions in the compositions of the
deposits. Moreover, the radar tone in the low dTB anomaly is
similar to that of Bullialdus crater. Combined with the penetra-
tion abilities of the microwave used by the CELMS instrument
and the earth-based radar, this verifies that the deposits in the
low dTB anomaly are homogeneous from the shallow layer
penetrated by the 37-GHz microwave to the depth represented
by the 70-cm radar microwave.

Therefore, the unit with low dTB and FTA in the western
Nubium is likely the Mare floor deposits produced during the
formation of Mare Nubium.

VI. CONCLUSION

In this article, combined with the FTA derived from Clemen-
tine UV/VIS data and the geologic identification by Bugiolacchi
et al. [11], the CE-2 CELMS data were used to study the
microwave thermophysical features of the basaltic units in Mare
Nubium. The main results are as follows.

1) Two regions with hot anomaly are found in Mare Nubium.
The hot anomaly in the central Nubium is extensive in
range and high in intensity. Their causes are suggested to
be the high substrate temperature.

2) The nTB performances postulate a negative view of the re-
lationship between the FTA of the basaltic unit and its age.
The nTB and dTB performances verify the contamination
of the impact ejecta in the superficial layer. Also, a very
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thin layer of mare basalt is revealed in the southeastern
part of Mare Nubium.

3) The nTB and dTB maps postulate the different perfor-
mances for the basaltic units in same epochs and the
similar performances for the basaltic units in different
epochs, indicating the complexity of the mare deposits
in Mare Nubium.

4) Combined with the 70-cm earth-based radar results, the
cold dTB anomaly in the western part of Mare Nubium is
proposed as the Mare floor deposits produced during the
formation of Nubium basin.

Additionally, the simultaneous occurrences of the high nTB
anomaly, the uplift, the radioactive elements, and photometric
anomalies in the regions near Wolf crater suggest a new view
about the thermal evolution of Mare Nubium, which deserves to
be further studied with more sources of data.
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