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ABSTRACT:

Mare Crisium is one of the most prominent multi-ring basins on the nearside of the Moon. In this study, the regolith thermophysical
features of Mare Crisium are studied with the CELMS data from CE-2 satellite. Several important results are as follows. Firstly, the
current geological interpretation only by optical data is not enough, and a new geological perspective is provided. Secondly, the
analysis of the low Ts anomaly combined with the (FeO+TiO2) abundance and Rock abundance suggests a special unknown material
in shallow layer of the Moon surface. At last, a new basaltic volcanism is presented for Crisium Basin. The study hints the potential

significance of the CELMS data in understanding the geological units over the Moon surface.

1. INTRODUCTION

Crisium (59.1<E, 17.18N) is one of the most prominent multi-
ring basins on the nearside of the Moon (Figure 1 (a)). The
basin is complex morphologically, suggesting that the basin was
subjected to post-formation modification (Blewett et al. 1995;
Sliz and Spudis, 2016, Yan et al. 2010). Previous studies show
a wide range of ages for the mare basalts here, ranging from
3.75 billion years to perhaps 2.5 billion years (Boyce and
Johnson, 1977; Head et al, 1978; Hiesinger et al., 2011). The
data from Chang’E (CE) Lunar Microwave Sounder (CELMS)
permit a new perspective about the thermophysical features of
the mare units in Mare Crisium.

Barsukov et al. (1977) firstly studied the petrochemical and
geochemical properties of the regolith and rocks based on the
sample data from Luna 24, and the results indicated that the
regolith here was monotonous in composition throughout the
depth. Later, using the spectral data, Boyce and Johnson (1977)
mapped the emplacement of geologic units within Mare Crisium
and found three main units in the east central Mare Crisium.
Head et al. (1978) divided Mare Crisium into three Groups and
an undivided area by studying the regional stratigraphy and
geological history in Mare Crisium (Figure 1 (b)). The ages of
the three groups were thoroughly studied by Hiesinger et al.
(2011) based on LROC WAC images using crater size-
frequency distribution measurement (CSFD). Sliz and Spudis
(2016) and Spudis and Sliz (2017) remapped the geological
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units inner and surrounding of Crisium basin using LRO
imagery, Clementine maps of Fe and Ti and LOLA maps, which
showed much different from that outlined by Head et al. (1978).
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Figure 1. Geographic map of Mare Crisium (a), and Geological
units map (Head et al. 1978) (b).

Note:WAC map was download from
https://astrogeology.usgs.gov/search/map/Moon/LRO/LROC_WAC.

RTOUT pasALTS

The previous work shows the significance of the composition
and terrain on the identification of the geological boundaries.
However, the aforementioned optical and infrared observations
are severely limited by the penetration depth, which is only
about several microns (Fang and Fa, 2014; Meng et al., 2017)

In Chinese Chang’E (CE) lunar orbiters, a microwave sounder
(CELMS) has successfully obtained the brightness temperatures
over the Moon. The data are at four channels including 3.0, 7.8,
19.35 and 37 GHz, which are verified to be fairly sensitive to
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the regolith thermophysical parameters of the substrate (Zheng
et al., 2012; Meng et al., 2016; Meng et al., 2017). Therefore,
the CELMS data may present a new perspective about the
geological units in Mare Crisium.

In this paper, the CELMS data are introduced to study the
microwave thermophysical features of the lunar regolith in
Mare Crisium. The data processing is in Section 2. Section 3
analyzes the spatial and temporal changes of the brightness
temperature (Ts) in Mare Crisium. Section 4 analyzes the
influence of different factors on nTs. Section 5 provides
geological significance revealed by CELMS data. Section 6 is
conclusions.

2. DATA PROCESSING

The CELMS data used were from the CE-2 lunar orbiter, and
the observation time was from October of 2010 to May of 2011.
To avoid validation bias, only ascending-orbit data have been
introduced in to the data analysis. In the original CELMS
dataset, the observation angle was 0° and the temperature
resolution was about 0.5 K.

2.1 Ts maps generation

The local time, surface temperature, plays an important role on
the observed CELMS data. To decrease the surface temperature
impact, firstly, the time angle was introduced to attribute the
CELMS data into specific observation time interval. After
thoroughly contrastive analysis, the time angles from -15<to 0°
and from 150°to 165 “are selected, which have enough samples
to generate the brightness temperature (Ts) maps of Mare
Crisium. The corresponding observation time was from 11
o’clock to 12 o’clock which can represent the noontime and
from 22 o’clock to 23 o’clock representing midnight,
respectively. Then, the interpolation method is applied to
generated Ts maps at noon and at midnight. The spatial
resolution is about 0.250.25< The noon readings have the
highest surface temperatures and those at midnight have the
lowest. They represent the two extreme phases of the Moon
surface, which are the most appropriate time to study the
thermal behaviors of the lunar regolith with CELMS data
(Ulaby et al., 1981; Meng et al., 2017)
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Figure 2. Tg at 37 GHz at noon (&) and at midnight(b).

2.2 nTs maps generation

Figure 2 shows good thermophysical features of Mare Crisium,
where the Ts in the Basin floor is higher than its vicinity.
However, the Ts obviously changes with the Iatitude.
Considered Considering the declining of the surface
temperature with the increasing latitude (Racca, 1995; Meng et
al., 2014), this Ts changes is resulted from the surface
temperature, but not the thermophysical parameters of the lunar
regolith. The 37 GHz Ts variation with latitude is up to 25 K at

noon and 15 K at midnight, which is much larger than that from
the thermophysical parameters of the lunar regolith. To
eliminate the impact of the surface temperature, the standard Ts
is introduced, which is defined by using a series of Tg locating
in different latitude. They have similar observation conditions,
including the components, surface slope, and rock abundance.
Once the standard Ts is identified, it can be employed to
generate the nTg by dividing the observed Ts by the standard Ts
of the corresponding latitude, which is expected to eliminate the
variation of the observed Tg with the latitude (Figures 3 and 4).
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Figure 3. nTs at Noon of Mare Crisium
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Figure 4. nTs at night of Mare Crisium

Figures 3 and 4 present that the change of the Tgs with latitude
efficiently removed. The Peirce and Picard craters in the Basin
floor, and the Proclus, Eimmart, Condorcet, and Auzout craters
in the surroundings can be easily identified with relatively lower
nTs values compared to their vicinity. Moreover, the nTs in the
northern walls of Cleomedes, Eimmart, and Condorcet craters is
much higher than that in their southern walls, coinciding with
the Ts behaviors in Tycho crater (Meng et al., 2017). This also
hints the rationality of the generated nTs maps.
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3. RESULTS

Figures 3 and 4 indicate a new perspective about the mare
basalts in Crisium Basin. To better understand the
thermophysical parameters of the regolith in different mare
units, the geological boundaries interpreted by Head et al. (1978)
are vectorized and overlaid on the generated nTs maps.

3.1 Daytime Behaviors

Figure 3 is the nTg at noon, where the Moon is in the highest
surface temperature of a whole day. In the Basin floor, the
highest nTs occurs in the eastern part (Alhazan Basalts) and
southeastern part (Shapley Basalts). With the increasing
frequency, the area of Alhazan basalts unit keeps constant,
while the area of the Shapley Basalts unit becomes smaller.
Additionally, the nTs in Shapley Basalts unit is similar to that in
Alhazan Basalts unit at 3.0 GHz, but it is much lower than the
latter at the other three channels.

Moreover, the Swift Basalts unit in the northwestern Basin floor
is apparently lower than that in the Shapley Basalts unit. The
area of the Swift Basalts unit with relatively lower nTg increases
greatly with the increasing frequencies. Also, there are two
small patches within Shapley Basalts unit belonging to Swift
Basalts. But the nTs in the two patches is similar to that in
Shapley Basalts unit at 3.0 and 7.8 GHz. Only at 19.35 and 37
GHz, the nTs in the two patches is similar to that in Swift
basalts unit, while their distributions are clearly different from
that indicated by the optical data used by Head et al. (1978).

Additionally, the nTs in Peirce, Picard, Greaves, and Cleomedes
F craters is similar to their vicinity at 3.0 and 7.8 GHz. But at
19.35 and 37 GHz, the nTs in Peirce, Picard, and Cleomedes F
craters is obviously lower than their vicinity, while it is also
similar to the vicinity in Greaves crater.

The mare basalt in Auzout Basalts unit is similar to that in
Alhazan Basalts unit, but the nTs at every channel is apparently
lower than that in the latter. This hints that they should not be
attributed to the same basalts group.

Agarum and Eimmart Basalts units belong to Group Il B. The
nTs here is higher than the nearby highlands but similar to the
nearby Swift Basalts unit.

The nTs behaviors in the undivided group are rather complex.
Only in the regions near Peirce and Eimmart craters, they show
higher nTs values at the four channels, while the area with high
values decreases soundly with the increasing frequency.

The nTs in the nearby highlands is apparently lower than that in
the Basin floor. Here, two interesting phenomena should be
paid severe attention. Firstly, there are abundant regions with
relatively higher nTg at 3.0 GHz, while they become as low as
their outer vicinity. Secondly, the lowest nTgs occurs in Proclus
crater, and the nTs nearby Proclus crater is also lower than that
in other regions.

3.2 Nighttime behaviors

Figure 4 is the nTs at midnight, where the Moon is in the lowest
surface temperature of a whole day.

Compared to Figure 3, Figure 4 presents an almost totally
different view about Mare Crisium. Firstly, the nTs in the Basin

floor is also apparently higher than the vicinity, but the
difference in nTs values between the Basin floor and its vicinity
is decreased. Also, the differences between four interpreted
geological units are disappeared. Secondly, the regions in the
western Basin floor shows relatively higher nTs except Picard
crater and its near vicinity at 19.35 and 37 GHz.

Interestingly, the nTs in Proclus crater is still lowest in the
whole study area. Apparently, the relatively lower nTs also
occurs in Eimmart, crater in (27.5N, 46.9<E), and crater in
(12N, 65.7<E), which also present considerably low nTs at
noon. Theoretically, the low Ts at daytime should be high at
night (Ulaby et al., 1981; Wang et al., 2010; Meng et al., 2016).
The lowest nTs in these craters can hardly be interpreted by the
theoretical model, which should be paid more attention in the
future.

4. GENESIS ANALYSIS

To further understand the thermophysical features of the mare
basalts in Crisium Basin, the (FeO+TiOz) (FTA) derived from
Clementine UV-VIS data, surface slope derived from LOLA
data and rock abundance (RA) derived from LRO Diviner data
are introduced in this study (Figure 5).
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Figure 5. FTA (a), surface slope (b), and rock abundance (c) of
Mare Crisium.

4.1 FTA influence

The FTA in Mare Crisium was estimated with the Lucey model
(Lucey et al., 2000) using the Clementine UV-VIS data. Figure
5 (a) shows the spatial distribution of FTA in Mare Crisium,
which is supposed to be one of the most important factors of Ts
in local region (Chan et al. 2010; Meng et al 2016). The average
FTA of the basin floor is about 20.8 wt.%, which is much
higher than that at the surroundings. And the corresponding nTs
in the basin floor is also apparently higher than the vicinity at
noon. Moreover, in the basin floor, two geological units were
interpreted mainly based on the FTA (Head et al., 1978). The
mean FTA is about 22.8 wt.% in Shapley Basalts unit and about
19.2 wt.% in Swift Basalts unit, while the average Ts is 234.5 K
and 233.7 K, respectively, at 3.0 GHz at noon. Such
relationship agrees well with the simulation results by Jin et al.
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(2003), Wang et al. (2010), and Meng et al. (2016). This again
verifies the rationality of the generated nTg maps.

However, the Tg difference between the two basalts units in the
Basin floor is much lower than the simulation results using the
theoretical model (Jin et al., 2003; Wang et al., 2010). What’s
more, if we sampled the special regions in the two basalts units,
the corresponding mean Ts is about 236.4 K and 232.6 K.

This doesn’t show the slight difference between the two
geological units in Ts, but hints the irrationality of the
geological boundaries interpreted only using optical data.
Moreover, the FTA in Proclus crater, Eimmart crater, crater in
(27.5N, 46.9E), and crater in (12N, 65.7E) is lowest, which
may provide some hints about the low nTg anomaly here.

4.2 Topography influence

The surface slope was calculated with the LRO LOLA data
using the Horn algorithm (Tang et al., 2005), which is estimated
as essential parameters for the Ts in the crater wall facing the
sunshine (Meng et al., 2014; Hu et al., 2014). Figure 5 (b) is the
surface slope of Crisium Basin. Figure 5 (b) indicates the
similar surface slope in the Basin floor, and the huge fluctuation
within the craters rims. Combined with Figure 3, the high nTs
in the northern inner walls of Cleomedes crater and Mare
Crisium and the relatively low nTs in the southern inner wall of
Clemedes crater and the northern outer wall of Mare Crisium
are likely resulted from the surface slope.

However, in other regions, the nTs distribution has nothing to
do with the surface slope here, hinting that the surface slope
nearly has no influence on the observed CELMS data.

4.3 RA influence

RA is always thought as an important role for the cold anomaly
(Chan et al., 2010; Gong and Jin, 2012; Bandfield et al., 2014),
which were downloaded from JMARS software (Christensen et
al. 2009).

Figure 5 (c) is the rock abundance of the Mare Crisium. The RA
values in Proclus crater, Eimmart crater, crater in (27.5N,
46.9<E), and crater in (12N, 65.7E) are all fairly high, which
are nearly the highest in the whole study area. The strong
correlation implies that the RA is likely the causes for low Ts
anomaly.

Gong and Jin (2012) presented that the Ts is relatively higher at
noon but relatively lower at night in the regions with high RA
values than their vicinity. But, our observation indicates that the
regions with high RA values have low Ts both at noon and at
night.

Interestingly, the RA in Basin floor is also much higher than the
vicinity. Moreover, there still exist abundant small craters with
obviously higher RA values than their nearby regions, including
Peirce, Picard, and Yerkes craters. However, the nTs behaviors
are completely different from that in the aforementioned four
craters.

Therefore, the relationship between the RA and the low Ts
anomaly should be critically treated.

Fortunately, the RA values are nearly evenly distribution in
Crisium Basin floor. Therefore, the influence of the RA on the

nTs can be omitted when discussing the geological features of
the Basin floor.

5. GEOLOGICAL SIFNIFICANCE

Compared to the optical and thermal infrared results, the
CELMS data presented a new geological perspective about
Mare Crisium.

5.1 Geological Applications

Figure 3 presents several different views about the basalts units
in Mare Crisium, which are indicated by the nTg distributions
with the frequency. Two issues should be mentioned at first.
One is the strong relationship between the FTA and the nTs
(Meng et al., 2016; Zanetti et al., 2017), which is also verified
in Section 4.1. The other is the penetration capabilities of the
used microwave, which can be up to ten to twenty times of the
wavelength over the Moon surface (Campbell et al., 2008).

Thus, the nTs in the Basin floor indirectly provides the clues
about the lunar regolith in the substrate. In the depth penetrated
by 3.0 GHz microwave, the area of the region with high nTsg is
much larger than that identified by Head et al. (1978). In the
shallower layer penetrated by 37 GHz microwave, the nTs
occurs only in the eastern Basin floor. That is, Shapley Basalts
units should be widely distributed in Crisium Basin in depth,
about 2 m. And the Swift Basalts unit largely occurs in the
shallow layer.

Moreover, there exists one small patch near Fahrenheit crater
(13.1N, 61.7<E) with low nTs, which is only apparent at 37
GHz map and is in the north part compared to the interpreted
Swift Basalts unit here. This presents that the thickness of the
patch is larger than 16.2 cm but no more than 62 cm.

To Swift Basalts unit, the nTs here is not apparently different
from that in Auzout Baslats, Eimmart Basalts, and Undivided
units, meaning the homogeneity of the regolith thermophysical
parameters in the four units.

Additionally, in Peirce and Picard craters, the nTs is similar to
that in Swift Basalts unit at 3.0, 7.8, and 19.35 GHz, while the
NnTs in the central parts is similar to that in Shapley Basalts. This
is important to further understand the mare basalts in Crisium
Basin. Combined with the previous mentioned change of the
Shapley Basalts units with depth, the nTs behaviors in Peirce
and Picard craters likely indicate that the Shapley Basalts unit
should be distributed in the whole Basin floor in depth.

5.2 Low Tg anomaly

The low Ts anomaly in Proclus crater, Eimmart crater, crater in
(27.5N, 46.9E), and crater in (12N, 65.7E) shows a strong
correlation with the rock abundance, but the simulation results
by Gong and Jin (2012) and the RA values in the Basin floor
seemingly don’t support the correlation.

Here, we mentioned that the lowest FTA also occurs in the four
craters. That is, the regolith components should also play
certain role on the low Ts anomaly. Among the four craters,
Eimmart crater has a distinct view compared to the other three
craters. Interestingly, the high resolution WAC image (Figure 6.)
indicates that there exists a small Copernicus crater in the
eastern rim. Combined the low nTs surrounding the regions
centered at the four mentioned craters, it implies that there is
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likely a special material in shallow layer of the Moon surface,
which was excavated by the four craters. Then this material is
spread out around the crater.

Moreover, the craters in different sizes are widely distributed in
the study area, and the low nTs only occurs in the
aforementioned four craters. This indicates that the distribution
of the special material in depth is not even.

This is only a hypothesis for the formation of the low nTs
anomaly, which should be further studied with more sources of
data and even the in-situ measurements. The related discoveries
will be helpful to further understand the lunar crust.

fl
’ ¥ o
Figure 6. WAC map of Eimmart Crater

5.3 Basaltic Volcanism

The previous analysis provides some essential clues about the
basaltic volcanism in Mare Crisium.

One important nTs behavior is obscured in the previous
discussions which is located in Alhazan Basalts unit. Here, it
has the highest FTA values and the highest nTs values at noon.
Moreover, abundant uplifts and depressions exist in this unit
(Figure 7.). This hints that this is likely the origination area of
the lava for Mare Crisium (Yan et al. 2012).

Figure 7. WAC map of part of Alhazan Basalts unit
If so, the mare volcanism can be reconstructed as follows.

Crisium Basin may have the mare basalts in different era. But in
the shallow layer penetrated by the 3.0 GHz microwave, only
the Shapley Basalts unit exists. This is directly proved by the
nTs at 3.0 and 7.8 GHz.

Thereafter, the mare basalts in the western part are heavily
impacted by the ejecta from an unknown source. This can be
consolidated by the nTs at 19.35 and 37 GHz at noon. The
region with relatively lower nTs only occurs in a small patch of
the western Basin floor, while the area becomes much larger at

37 GHz than that at 19.35 GHz. Also, the distribution of the
regions with low nTs hints that the ejecta is from the northwest
place.

At last, the formation of the Peirce and Picard craters excavated
the Shapley Basalts with high FTA.

Generally, the CELMS data provide a distinct different view
about the mare basalts in Crisium Basin.

6. CONCLUSION

In this study, the regolith thermophysical features of Mare
Crisium are studied with the CELMS data from CE-2 satellite.
Several important results are presented as follows.

1. Shapley Basalts units should be widely distributed in Crisium
Basin in depth, about 2 m. And the Swift Basalts unit largely
occurs in the shallow layer.

2. To Swift Basalts unit, the nTg here is not apparently different
from that in Auzout Baslats, Eimmart Basalts, and Undivided
units, meaning the homogeneity of the regolith thermophysical
parameters in the four units.

3. The low Ts anomaly occurs in Proclus crater, Eimmart crater,
crater in (27.5N, 46.9E), and crater in (12N, 65.7<E). The
preliminary result is that there likely exists a special material in
shallow layer of the Moon surface, which was excavated by the
four craters. Then this material is spread out around the crater.

4. The change of the nTs with frequency presents that Alhazan
Basalts unit is likely the origination area of the lava for Mare
Crisium; only the Shapley Basalts unit filled Crisium Basin, and
the contamination of the ejecta materials changed the superficial
layer of the mare basalt in the western Basin floor.

Generally, the study presents the potential significances of the
CE-2 CELMS data in the lunar volcanism study. However, the
formation of low Ts anomaly revealed by CELMS data need to
be verified in the future.
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