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Technical Note
Chronology of the Basalt Units Surrounding Chang’e-4
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Abstract: The Chang’e-4 (CE-4) lunar probe, the first soft landing spacecraft on the far side of the
Moon, successfully landed in the Von Karman crater on 3 January 2019. Geological studies of the
landing area have been conducted and more intensive studies will be carried out with the in situ
measured data. The chronological study of the maria basalt surrounding the CE-4 landing area is
significant to the related studies. Currently, the crater size-frequency distribution (CSFD) technique is
the most popular method to derive absolute model ages (AMAs) of geological units where no returned
sample is available, and it has been widely used in dating maria basalt on the lunar surface. In this
research, we first make a mosaic with multi-orbital Chang’e-2 (CE-2) images as a base map. Coupled
with the elevation data and FeO content, nine representative areas of basalt units surrounding the
CE-4 landing area are outlined and their AMAs are derived. The dating results of the nine basalt
units indicate that the basalts erupted from 3.42 to 2.28 Ga ago in this area, a period much longer
than derived by previous studies. The derived chronology of the above basalt units establishes a
foundation for geological analysis of the returned CE-4 data.

Keywords: lunar chronology; basalt units; CE-4 landing area; absolute model age; crater size-
frequency distribution (CSFD)

1. Introduction

Chang’e-4 (CE-4) was the second soft landing mission in the China’s Lunar Explo-
ration Program, and the probe successfully landed on the far side of the Moon in the
Von Karman crater inside the South Pole-Aitken (SPA) basin on 3 January 2019 [1,2]. The
Yutu-2 rover was then successfully released from the lander on the same day, and it is
still working as of now. The SPA basin is an elliptical impact basin with axes measuring
2400 x 2050 km [3], and it is considered as one of the three major lunar terranes according
to its unique geochemistry and petrologic history [4]. Using three-dimensional numerical
impact simulations, ref. [5] demonstrates that the SPA must have sampled the Moon’s
upper mantle to depths of 100 km. Therefore, a number of fundamental lunar science
questions, such as the composition of the lunar upper mantle [6] and the reason that far side
maria differ from their near side counterparts [1], are expected to be addressed with the
returned CE-4 data. As a result, many studies related to the CE-4 landing area have been
recently carried out (e.g., [7-13]), and more works are in progress with the returned CE-4
data. To support reliable analysis and interpretation of the scientific data from the CE-4

Remote Sens. 2022, 14, 49. https:/ /doi.org/10.3390/rs14010049 1 https:/ /www.mdpi.com/journal /remotesensing
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mission, it is necessary to create a reliable chronology of the geological units surrounding
the CE-4 landing area.

Chronology here refers to the occurrence order of a series of geological events, and the
occurrence of the geological events can be expressed with the absolute age or the relative
age. Figure 1 shows the context of the CE-4 landing area. The local relative chronology
surrounding the CE-4 landing area may be determined according to the superpositional
relationships of different geological units. However, determining their absolute model ages
(AMAs) is always preferable and particularly important when it is difficult to derive the
relative ages between two non-adjacent geological units [14]. The principle of determining
the AMA of lunar geological units was elaborated in [15] and was the subject of many
papers (e.g., [14-16]). The rationale of the approach is to fit the observed crater size-
frequency distribution (CSFD) of a counting area that represents the geological unit to
a known crater production function (PF) (e.g., [17]), which is further used to derive the
AMA along with a chronology function (CF) calibrated to radiometric dating from lunar
samples [16]. Currently, the method has been widely used in dating lunar mare basalts,
e.g., [17-19]. With this method, the AMA of the mare unit on the floor of Von Karman
crater has been derived as 3.35 Ga [20], 3.6 Ga [7], and 3.15 Ga [21]. However, the mare
surface on the floor of Von Kdrman crater was interpreted to be emplaced by one episode of
basaltic volcanism in these studies, which can only give a rough estimation of the average
AMA of the maria basalt. As to the mare deposits in Von Karman M crater [20], an AMA of
3.38 Ga was derived, while [21] mapped two mare basalt units in Von Karman M crater and
derived AMAs of 3.38 Ga and 3.52 Ga, respectively. In addition, the AMA of the basalt unit
in Leibnitz crater was derived as 3.44 Ga [20] and 3.37 Ga [21]. The mare basalt in Leibnitz
X crater (the crater diameter is about 19.71 km), which is inside Leibnitz crater, was dated
as 3.68 Ga [21]. The different dating results of the above studies to the same maria unit
may arise from the different data sources and counting areas. Therefore, a strict basalt unit
mapping and AMA dating is urgent for the analysis of data acquired by the CE-4 rover. In
addition, because there are many ejecta in this area, CE-4 rover would probably encounter
the fragments from the maria basalts nearby. Thus, the AMAs of them are also necessary to
understand the whole history of the basalt formation in this area.

Figure 1. Geographical context of the CE4 landing area. The central location is (177.07° E, 43.19° S).
The basemap is Chang’e-2 (CE-2) Digital Orthophoto Map (DOM) mosaic. The crater names are from
the International Astronomical Union data base (https:/ /planetarynames.wr.usgs.gov/, accessed on
15 November 2021). North is up.
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In this research, nine basalt geological units were mapped in the CE-4 landing area
according to the difference of brightness, FeO content, and the topography. Superposed
craters in the counting areas used for deriving the AMAs of the above geological units
were mapped in mosaics generated from the Chang’e-2 (CE-2) digital orthophoto map
(DOM) [22]. The AMAs of all the nine measurement areas were obtained with the
CSFD method.

2. Materials and Methods
2.1. Data

Craters for dating AMAs were mapped in a DOM mosaic generated from CE-2 or-
bital images. CE-2 mission was China’s second lunar spacecraft and it was launched on
1 October 2010. The onboard stereo camera obtained high-resolution images, and the re-
turned data were processed with radiometric, geometric, and photometric calibration [22].
A DOM was finally generated with a resolution of ~7 m/pixel and divided into multiple
regions. The data are now publicly available through the Data Release and Information
Service System of China’s Lunar Exploration Program (http://moon.bao.ac.cn, accessed
on 15 November 2021). Twelve DOM files were downloaded and merged to produce a
DOM mosaic in ArcGIS®.

The merged digital elevation model from the Lunar Orbiter Laser Altimeter and
SELENE Terrain Camera (designated as “SLDEM”) [23] was used for topographic analysis
of the geological context surrounding the CE-4 landing site. The product has a typical
vertical accuracy of ~3-4 m and a resolution of ~42 m/pixel around the CE-4 landing
area [23]. To reveal the topographic detail of the region, the SLDEM was color coded and
was registered.

The FeO content product derived from the Kaguya Multiband Imager data [24] is
also used to evaluate the boundaries of maria basalt units in this research. The product is
released with a spatial resolution of ~60 m/pixel between 50° N and 50° S and nine maria
basalts units studied in this research are included.

2.2. Methods

The process of determining the AMA of the geological unit includes mapping the
surface unit and identifying the superposed craters. The AMAs can be derived by com-
paring the CSFD of the counted craters with the CF [15]. Here, we present the principles
of mapping the measurement areas and the crater counting method. We used Craterstats
(http:/ /www.geoinf.fu-berlin.de/mex4/software/ craterstats2 /, accessed on 15 November
2021) to derive the AMA of each geological unit [25].

2.2.1. Maria Basalt Measurement Areas Mapping

It only makes sense to assess the AMA of a surface with the same geological history, i.e.,
a geologically homogeneous region that had undergone the same geological processes [25].
Significant interruptions to the homogeneity should be considered as another geological
unit. For the maria basalt in this study, this means only one episode of basaltic volcanism
should be emplaced in each geological unit.

In maria units mapping, the brightness differences, spectral ratios, FeO and TiO, con-
tents, and morphology have usually been used to ensure homogeneity of the investigated
basalts, e.g., [17-19,26-28]. In this study, we combined the derived FeO content, brightness
difference from CE-2 DOM mosaic, and topographical difference from SLDEM to map the
maria basalt units. The mapped measurement areas are the intersection of these above
products if they are inconsistent. In addition, areas with identifiable secondary craters
should be excluded in the geological mapping [25]. Finally, nine maria basalt units were
outlined see below.
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2.2.2. Crater Counting

The craters superimposed on the measurement areas have been mapped on the CE-2
DOM mosaics with the ArcGIS add-in “CraterTools”, which measures crater diameter
correctly regardless of map projection [29]. CraterTools can work well with three reference
points on the crater rims, even for craters where a part of the rim is obscured or even
absent. When manually digitizing a crater, the three points on the crater rim should be
as evenly distributed as possible, which can give the minimum error [30]. The secondary
craters should be excluded in the dating process [31,32], and they are usually recognized in
chains or clusters with irregular shape. This judgement is inevitably subjective, and we
have conducted an analysis of spatial randomness and clustering of the mapped craters
superimposed on each geological unit following the method of mean closest two neighbors’
distance (MC2ND) [32].

3. Results
3.1. Maria Basalt Units in Von Karmdn Crater

The floor of Von Karman crater (Figure 2) was mapped as mare basalts by [33], and the
crater floor has significantly higher FeO contents than the surrounding terrain (Figure 2C).
However, the crater floor is extensively overprinted by ejecta from nearby craters [34],
making the FeO content much lower in the northern and eastern part of the crater floor.
In addition, the fresh Zhinyu crater obviously excavated mare basalt deposits from the
subsurface resulted in much higher FeO content (Figure 2C). Thus, we selected a small
area labeled as ‘a’ in Figure 2 to date the maria basalt in the Von Karman crater floor
(Figure 2A,D). Figure 2B shows two local upland structures in the SLDEM, and they are
more clearly shown in Figure 2E,F, respectively. In this research, they are mapped as units
‘b’ and ‘¢’ for subsequent surface dating.

Figure 2. Cont.
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Figure 2. Three basalt measurement areas mapped by red polygons in Von Karman crater. (A) CE-2
DOM mosaic (central location: 175.6° E, 44.64° S) of the Von Karman crater with CE-4 landing site
labeled. The fresh crater pointed by the white arrow is Zhinyu crater. (B) Local topography shown
in SLDEM,; the elevation ranges from —13,413 m to —421 m as coded from blue to red in this figure.
(C) FeO content map [24] in Von Karmadn crater; the values range from 0 to 24.73% as coded from blue
to red in this figure. (D) Basalt unit ‘a’ shown in CE-2 DOM mosaic, with the white arrows indicating
the chained secondaries. The area is 138 km?. (E) Basalt unit ‘b’ is located in a topographical elevated
terrain, and the elevation ranges from —11,990 m to —10,839 m as coded from blue to red in this
figure. The area is 267 km?. (F) Basalt unit ‘c’ is located in a topographical elevated terrain, and
the elevation ranges from —11,995 m to —6861 m as coded from blue to red in this figure. The red
polygon in each sub-figure is the outlined representative crater count area. The area is 151 km?. North
is up in all sub-figures.

Our CSFD measurements of the mare units inside Von Karman crater show AMAs
of 3.42 Ga, 3.34 Ga, and 3.34 Ga for the basalt units ‘a’, ‘b’, and ‘c’, respectively (Figure 3).
The analysis results of spatial randomness and clustering of the mapped craters are on
the top of each group of CSFD fitting curve. It is clear that, for the crater diameters used
for surface dating, almost each of the MC2ND of the mapped craters falls within £3¢ of
the expectation value derived from Monte Carlo simulation, indicating that the spatial
distribution of the mapped craters is random. Figure 3 also includes the areas of the
counting regions, with the values ranging from 138 km? to 267 km?.
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Figure 3. Dating results for basalt units in Von Karman crater. VonKarman_Marial, VonKar-
man_Maria2, and VonKarman_Maria3 correspond to the basalt units ‘a’, ‘b’, and ‘¢’ in Figure 2,
respectively. The equilibrium function is the standard lunar equilibrium of [35], while both the
production and chronology functions are from [36].

3.2. Maria Basalt Units in Von Kdrmdn M Crater

Most of the floor of Von Karman M crater is superposed by Von Karman crater, and
the exposed southern half of the crater is filled with mare basalts [33]. The eastern part
of the floor is covered by the ejecta from Alder crater (Figure 1), and there are several
massifs protruding from the basalt units (Figure 4A). Similar to [21], two basalt units are
mapped in this study (Figure 4), in which the raised massifs are excluded. The basalt
units are relatively flat, and the topography gradually rises up from southeast to north-
west (Figure 4B). The FeO contents of the basalt units are obviously much higher than
surrounding terrains (Figure 4C).

The CSFD measurements of the mare units in Von Kadrméan M crater show AMAs of
2.36 Ga and 2.28 Ga for the basalt units ‘d” and ‘e’, respectively (Figure 5). For the basalt
unit ‘d’ (counting area is 2320 km?), the minimum result of the random analysis is about
—60 of the expectation value derived from Monte Carlo simulation at the diameter of
~144 m, and the random analysis results for D >= ~200 m are within £3¢ of the expectation
value. The minimum diameter for fitting the isochron line is at ~400 m in this study, which
thus does not affect the reliability of the dating results. For the basalt unit ‘e’ (counting
areas is 59.3 km?), the analysis results of spatial randomness and clustering of the mapped
craters fall within -3¢ of the expectation value derived from Monte Carlo simulation for
all the diameters. The AMA difference (0.08 Ga) between the two basalt units is small,
indicating the basalt in these two areas are probably from one episode.

3.3. Maria Basalt Unit in Hess Z Crater

Figure 6 shows the mapped basalt unit (counting area is 530 km?) and the derived
AMA in Hess Z crater. The southeastern part of the Hess Z crater rim was destroyed by the
ejecta from the Hess crater nearby, which was superposed by the basalt herein. There are
several clustered secondaries in the eastern floor of the Hess Z crater, which are deliberately
avoided when map the countering area. The mapped basalt unit is relatively flat, although
the topography is gradually lowered from east to west.

The CSFD measurement of the mare unit in Davisson crater shows an AMA of 3.27 Ga
(Figure 8). For the craters used for dating, the MC2ND of the mapped craters falls within
£30 of the expectation value derived from Monte Carlo simulation, indicating mapped
craters in the counting area are random in spatial distribution.
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Figure 4. Two basalt measurement areas d (2320 km?) and e (59 km?) mapped by red polygons in Von
Karman M crater. (A) CE-2 DOM mosaic (central location: 173.6° E, 48.76° S) of the Von Karman M
crater. The raised massifs are indicated by the white arrows. (B) Local topography shown in SLDEM,
and the elevation ranges from —11,632 m to —4906 m as coded from blue to red in this figure. (C) FeO
content map [24] in Von Karman M crater, and the maximum value is up to 22.28% as coded from
blue to red in this figure. The red polygon in each sub-figure is the outlined representative crater
count area. North is up in all sub-figures.
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Figure 5. Dating results for basalt units in Von Karman M crater. VonKarmanM_Marial and
VonKarmanM_Maria2 correspond to the basalt units ‘d” and ‘e” in Figure 4. The equilibrium function
is the standard lunar equilibrium of [35], while both the production and chronology functions are
from [36].



Remote Sens. 2022, 14, 49

B — M2CND, 300 iters E

ﬁﬁgpfﬂ‘“ﬂ

2 4 8 16 91 63 125 250 S0 tm 2 4 8 16 32 64
O HessZ_Maria, area=5.30x10" km* 3
—&- 64.2 (of 86) craters, N(1)=3.00x10" ke~ o

<- clustered
ordered -
Babh o uund
TTTTTTTTT,

| S

-
o

2

Qm:
o 40.095
o H3.23 ) . Ga

Cumulative crater frequency, km

§ EF: Standard lunar equilibrium (Trask, 1966)

[ PF:Moon, Neukum etal. (2001}

| CF:Moon, Neukum etal. (2001)

10 M EETTT] B SR TTT] BT ST T B S ST | m
im 10m 100m 1km 10km 100km

Diameter

Figure 6. (A) CE-2 DOM mosaic of the mapped basalt unit in Hess Z crater (530 km?) (central location:
173.49° E, 51.94° S); North is up. (B) derived AMA. The equilibrium function is the standard lunar
equilibrium of [35], while both the production and chronology functions are from [36]. The red
polygon in the left sub-figure is the outlined representative crater count area, and the arrows indicate
the excluded secondary craters.

The CSFD measurement of the mare unit in Hess Z crater shows an AMA of 3.23 Ga
(Figure 6). The mapped craters are randomly distributed in the counting area, as indicated
by the spatial randomness and clustering analysis result (Figure 6).

3.4. Maria Basalt Unit in Davisson Crater

Most of the floor of Davisson crater is covered by basalt, as indicated by the high FeO
content (Figure 7C). A central peak protrudes above the floor and several chained ejecta
are distributed in the southeastern of the crater floor. They are deliberately excluded when
mapping the counting area (Figure 7A). The mapped basalt unit is relatively flat, and it is
lowest in the southern part of the floor (Figure 7B).

Figure 7. Cont.
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Figure 7. (A) CE-2 DOM mosaic (central location: 174.88° W, 37.52° S) of the mapped basalt unit
(1280 km?) in Davisson crater. The central peak and clustered secondaries (arrows) are excluded
when map the counting area. (B) Local topography shown in SLDEM, and the elevation ranges from
—13,007 m to —2760 m as coded from blue to red in this figure. (C) FeO content map [24] of the
counting area, and the values range from 1.94% to 21.94% as coded from blue to red in this figure.
The red polygon in each sub-figure is the outlined representative crater count area. North is up in
all sub-figures.

== M2CND, 300 iters

et

2 4 8 1§ 31 63 125 250 500 tkm 2 4 8 16 32 64
T T T T
O Davisson_Maria, area=1.28x10" km’
—8— 61.9 (of 63) craters, N(1)=3.11x10" km” <

<- clustered
ordered ->
AN NN

bit o wwm
TTTTTTITTT

w0 %, u3.27'02 Ga 3

Cumulative crater frequency, km?

E EF: Standard lunar equilibrium (Trask, 1966) ¢

[ PF:Moon, Neukum et al. (2001)

[ CF: Moon, Neukum et al. (2001)

10 I 1 | 1
im 10m 100m 1km 10km 100km

Diameter

Figure 8. Dating results for basalt unit mapped in Figure 7. The equilibrium function is the standard
lunar equilibrium of [35], while both the production and chronology functions are from [36].

3.5. Maria Basalt Units in Leibnitz and Leibnitz X Crater

The southeast part of the Leibnitz crater is superposed by the ejecta from Finsen
crater (Figure 1), and a large amount of linear ejecta are distributed in the floor of Leibnitz
crater (Figure 9A). Thus, we carefully selected a small area in the north part of the crater
floor as the counting area, which is covered by basalts as proven by the much higher FeO
content than surrounding ejecta (Figure 9C). It is interesting to note that the north part is
higher than the south part in the floor of Leibnitz crater (Figure 9B), although the ejecta is
from south.
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Figure 9. (A) CE-2 DOM mosaic (central location: 178.91° E, 36.23° S) of the mapped basalt units
‘h’ (1450 km?) and ‘i’ (127 km?) in Leibnitz and Leibnitz X craters. The central peak and clustered
secondaries are excluded in the counting area. (B) Local topography shown in SLDEM, and the
elevation ranges from —12,020 m to —3997 m as coded from blue to red in this figure. (C) FeO content
map [24] of the counting areas, and the values range from 2.27% to 19.69% as coded from blue to red
in this figure. The red polygons in each sub-figure are the outlined representative crater count areas.
North is up in all sub-figures.

Leibnitz X crater is in the northwest of Leibnitz crater floor, and the floor of Leibnitz X
crater can be divided into two parts according to the brightness difference (Figure 9A). We
selected the east part of the floor as the counting area, which also has a higher FeO content
than the west part (Figure 9C). The selected counting area seems unaffected by the linear
ejecta from the Finsen crater. It is more interesting to note that the whole Leibnitz X crater,
including its floor, is much higher than the surrounding terrains (Figure 9B). In addition,
the FeO content of the maria in the counting area for Leibnitz X crater (Figure 9C) is lower
than that for Leibnitz crater, indicating they are probably from different sources.

The CSFD measurements of the mare units in Leibnitz and Leibnitz X craters show
AMAs of 2.61 Ga and 3.05 Ga (Figure 10). For the basalt unit in Leibnitz crater (i.e., unit ‘h’
in Figure 9), the random analysis is about —6¢ of the expectation value at the diameter of
144 m, and the random analysis results for D >= ~400 m are within £30 of the expectation
value. Therefore, this again does not affect the reliability of our dating results, as the
minimum diameter for fitting the isochron line is at ~400 m. For all the counted craters
in the mare unit in Leibnitz X crater (i.e., unit ‘i’ in Figure 9), the spatial randomness and
clustering analysis result of the mapped craters falls within +3¢ of the expectation value
derived from Monte Carlo simulation. It is obvious that the basalt unit in Leibnitz X crater
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is older than that in Leibnitz crater. Given this, coupled with the difference in FeO content,
it is reasonable to conclude that they formed in two episodes of basalt formation.
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Figure 10. Dating results for the basalt units mapped in Figure 9. Leibnitz_Maria and Leib-
nitzX_Maria correspond to the basalt units ‘h” and ‘i” in Figure 9. The equilibrium function is
the standard lunar equilibrium of [35], while both the production and chronology functions are
from [36].

3.6. Overview for AMAs of Basalt Units Surrounding CE-4 Landing Site

Table 1 lists all the derived AMAs for the basalt units mapped in this study, and the
N(1), i.e., the number of craters with a diameter larger than or equal to 1 km per km?,
derived by fitting a polynomial proposed in [36] to observed CSFDs, is also included for
convenient comparison with other studies. The youngest basalt unit (i.e., unit ‘e’) is in the
Von Karman M crater, and unit ‘d” in Von Karmén M crater is the second youngest among
the studied basalt units. This perhaps certificates that the basalt inside Von Karman M
crater formed later than that in other places in the study region. Basalt unit ‘h” in Leibnitz
crater floor is the third youngest among the basalt units, and they are the only three basalt
units younger than 3.0 Ga in this study. The oldest basalt unit ‘a’ is in the Von Karman crater
floor, which has an AMA of 3.42 Ga, and the three basalt units in the Von Karman crater
floor are the three oldest in this study. The similarity of the derived AMAs of the three
basalt units inside Von Kdrmadn crater indicates that the basalt should be first emplaced
in the Von Karman crater floor in this area. The second oldest basalt unit is in Davisson
crater floor, and the above four basalt units belong to the Late Imbrian while others belong
to Eratosthenian, according to [26].

Table 1. Results of AMAs for the groups of basalt units in this study.

Basalt Location N(@) AMAs (Ga)
Unit (X107 km~2) g Study Previous Studies !

a 3.98 3.42

b Von Karman 3.44 3.34 335%E-11;3.6%;3.15%
crater floor

c 343 3.34

d Von Karman M 1.98 2.36 3.38 %, E-1T;3.38 **
crater floor 1.91 2.28 3.52#, E-11,338 %

f Hess Z crater floor 3.00 3.23 E-11;3.51#
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Table 1. Cont.

Basalt Location ND AMASs (G2)
Unit (x1073 km~2)  Thjg Study Previous Studies !
g Davisson crater floor 3.11 3.27 -
h Leibnitz crater floor 2.19 2.61 3.37 ###,
Leibnitz X

. #i.
i o floa 2.64 3.05 3.68 #;

1 Ref. [20] used the crater chronology and production functions proposed by [15], ref. [7,21] used the crater
chronology and production functions proposed by [36]; * ref. [20] in which the maria in Von Karman crater floor
is measured together; ** ref. [20] in which the maria in Von Karman M crater floor is measured together; * ref. [26]
E-I refers to near the Imbrian-Eratosthenian boundary, i.e., 3.26 Ga; ¥ ref. [7] in which the maria in Von Karman
crater floor is measured by combing three subareas, while subarea 2 is approximately the same to the basalt unit
‘a’ in this research; * ref. [21] in which the maria in Von Karman crater floor is measured by combing two subareas,
which contain the counting areas of basalt units ‘a’, ‘b’, and ‘¢’ in this research; ## ref. [21] in which the counting
areas are roughly equivalent to that in this research; ## ref. [21] in which the counting areas are much larger than
that in our research.

4. Discussion
4.1. Comparison with Previous Studies

Table 1 also lists the dating results in previous studies. For the maria in Von Karman
crater, the dated AMAs range from 3.34 to 3.42 Ga for the three counting areas mapped in
our research. The results are similar to the previous results (3.26 Ga for [26]; 3.35 Ga for [20];
3.6 Ga for [7]; 3.15 Ga for [21]). Thus, we have much confidence to analyze the data returned
by CE-4 rover, which is now traversing to this area. For the results of maria in Hess Z crater,
there is also not too much difference (0.28 Ga) [21,26]. However, there is slight difference of
0.63 Ga in the case of Leibnitz X crater, and large differences of ~1.0 Ga [20,21,26] in the
cases of Von Karméan M crater and Leibnitz crater. For the AMA difference between this
research and that of [21], given similar counting areas are mapped, the possible reason
might be different imagery data used. In our study, the CE-2 DOM mosaic at a resolution
of 7 m/pixel was used, while the wide angle camera (WAC) images (~100 m/pixel) from
the Lunar Reconnaissance Orbiter (LRO) were used in [21]. In fact, ref. [21] also found that
their dating AMAs based on the WAC images are indeed much older than those based on
narrow angle camera (NAC) images (~1 m/pixel) from the LRO for the maria basalts in
Antoniadi crater. For the difference of the derived AMAs between this research and that
of [20], given similar image resolution used in the two studies, the most probable reason is
the different locations and sizes of the counting areas. We cannot find the counting area
of [20]. However, ref. [20] usually mapped the basalt in the floor of Von Karman M crater
and Leibnitz crater as one unit. If the basalt was formed through different episodes, this is
unsuitable. In addition, we obtained the AMA of the maria in the floor of Davisson crater
for the first time.

In early geological mapping [26], most mare deposits within SPA were mapped as
late Imbrian. Ref. [20] first showed that some mare deposits in the lunar farside may have
much younger ages up to Eratosthenian. Ref. [37] also proposed that the lunar farside was
volcanically active for nearly as long as the lunar nearside. Our dating results surrounding
the CE-4 landing area support this conclusion and indicate that small-scale lunar farside
volcanism might have continued longer than previously thought.

4.2. Implications for CE-4 Mission

The dating results for the maria basalts inside Von Karman crater are significant to
the interpretation of CE-4 data. It is interesting to note that AMAs of the three basalt units
are very similar, indicating that the basalts in Von Karman crater were formed within a
short period. CE-4 landed on linear impact ejecta (Figures 1 and 2), and Finsen crater
was the major source [7,9-11,34]. The thickness of the ejecta might be several tens of
meters in the landing area [10,11,34,38]. However, the ejecta here appear linear and are
not continuous [34], and CE-4 rover may probably happen to encounter local mare basalt
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when it traverses westward, especially around new craters (e.g., Zhinyu crater) which can
excavate subsurface material [39]. If CE-4 rover will traverse the exposed mare basalt in
future, the dating results of the mare basalt inside the Von Kdrmdn crater can provide
information for analyzing the lunar regolith evolution and crater degradation, combing
the spectral data and lunar ground penetrating radar data. For example, according to
the data collected by the ground-penetrating radar onboard the CE-4 rover, several mare
basalt layers were interpreted by [10,11]. The ejecta from Zhinyu crater also reveal at
least three episodes of the basalt eruption [39], and the dating results can help to provide
chronological information.

The dating results for other mare basalt is also useful in relevant studies. For example,
through spatial density investigation and randomness analysis, ref. [40] pointed out that
secondary craters cover at least one third of the 2.4° x 1° area surrounding CE-4 landing site.
Therefore, it is very likely that CE-4 rover would encounter the fragments from the mare
basalts inside Von Karman crater dated in the manuscript, and the results in the research
can provide geological context to these fragments. For example, the compositions of the
fragments can be analyzed by the CE-4 rover, and their sources can thus be determined
by comparing the compositions with the dated mare basalts, whose formation times have
been constrained in this study.

5. Conclusions

In this research, we dated the AMAs of nine basalt measurement areas surrounding
the CE-4 landing area using the crater counting method, including the mare deposits in Von
Karman, Von Karman M, Hess Z, Davisson, Leibnitz, and Leibnitz X craters. Our results
indicate that the youngest mare deposit is in the floor of Von Karman M crater with AMAs
of 2.28 Ga and 2.36 Ga. This research provides both systematic information on the history
of the basalt in the region and constraints for the interpretation of the in situ measured
data from the CE-4 rover. The results point to a much longer-lived volcanism in the region
than was previously thought (e.g., ref. [26] proposed that most mare deposits in the SPA
basin were formed during the late Imbrian epoch, i.e., 3.85-3.8 Ga.), which is also beneficial
to the understanding of the evolution of lunar volcanism globally. We suggest that CE-4
rover may return data on local genetic basalts while it keeps moving westward, which will
contribute to our understanding of basalt formation in the lunar farside.
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Abstract: The specific duration between the impact event and subsequent volcanic flows is highly
variable based on previous works. The method of crater size-frequency distribution (CSFD) has
been previously used to date the basalt in Orientale Basin, which yielded inconsistent resultant
Absolute Model Age (AMA) ranges. The inconsistency may be attributed to the choice of counting
area and identified superposed craters. In this study, we integrated the Chang’E-2 (CE-2) imaging
data (7 m/pix) and the IIM and 20 m CE-2 DTMS data, re-divided Mare Orientale, and re-estimated
the age of the basalts there. The ages revealed that (1) the central basalts had multiphase eruptions,
beginning at 3.77 Ga (30 My after the impact event) with the longest duration of 1.51 Gy; (2) the
edge basalts have a similar features as the central basalts, beginning at 3.75-3.50 Ga (50-300 My
after the impact) with the longest duration of 0.67 Gy. Compared with the basalts along the basinal
margin, the central basalts have higher Ti but lower Mg# contents, consistent with the basaltic magma
fractionation trend. Spatial distribution characteristics indicate that the basalt eruption occurred in the
impact direction upstream and in the center, but almost absent in the impact direction downstream.
Accordingly, we speculate that the longevity of the lunar mare basaltic volcanism was affected by
gravity changes, material balance, and other post-impact processes.

Keywords: CE-2 CCD image; Orientale Basin; Absolute Model Age (AMA); volcanic formation

1. Introduction

Lunar volcanic history is a key to understanding lunar thermal evolution [1]. After
the formation of the Moon at ~4.5 Ga [2], melt in the lunar magma ocean resided in the
lunar mantle and affected the duration of lunar volcanism, according to the lunar thermal
evolution model [3]. The Mg-rich cumulates at the bottom of the lunar mantle (formed
in the early magma ocean period) are less dense than the Ti-rich cumulates at the top
(formed in the late magma ocean period) and the original KREEP (potassium (K), rare
earth elements (REE), and phosphorus (P)) layer [1]. With later geological influence, the
gravitational imbalance between the Mg-/Ti-rich cumulates may have caused the primitive
lunar mantle to overturn. The accompanied decompression melting may have formed the
lunar mare basaltic volcanism [4,5], which constituted the main endogenic dynamics of the
Moon. Lunar mare basalts, although accounting for only a very minor proportion of the
lunar crust (1%), their petrogenesis and temporal-spatial distribution have recorded the
geochemistry and evolution of the lunar mantle reservoir.

Because most lunar mare basalts are still unsampled, absolute radiometric age data
for the majority of basalts are still lacking. Fortunately, by making use of remote sens-
ing techniques, we can derive relative and absolute model ages for these unsampled
regions [6-9]. Hiesinger et al. [6-9] performed Crater Size-Frequency Distribution (CSFD)
measurement on many Procellarum KREEP Terrane (PKT) maria using Lunar Orbiter

Remote Sens. 2022, 14, 1426. https:/ /doi.org/10.3390/rs14061426 16 https:/ /www.mdpi.com/journal /remotesensing



Remote Sens. 2022, 14, 1426

images (50-150 m/pix), with the counting crater diameter ranging between 1 and 10 km.
Morota et al. [10], Lucey, P.G. et al. [11] used the SELENE (Kaguya) (10 m/pixel) to estimate
the age of the main stratigraphic units in the lunar PKT area, using two CSFD statistical
dating methods and craters of 250 m diameter. Pasckert [12] utilized the Lunar Reconnais-
sance Orbiter Camera (LROC) Wide-Angle Camera images (WAC) (108 m/pix) to divide
the basalts in/around the South Pole-Aitken basin and the CSFD to estimate the age, using
craters of 1 km diameter. These CSFD results and limited basalt samples collected by the
Apollo, Luna, and CE-5 missions indicate that lunar volcanism may have been active for
almost 3 Gy, starting at 3.9-4.0 Ga and ceasing at 1.2 Ga ago, with most basalts erupting
in the late Imbrian period (3.6-3.8 Ga) [6,13]. The prolonged eruption and compositional
heterogeneity of the lunar basalts imply compositional heterogeneity of the lunar interior.
The lunar basalts can thus reveal the lunar interior composition, source region, and thermal
evolution.

A total of 17% of the lunar surface is covered by 23 lunar maria [14], lying within or
adjacent to large impact basins. Most of the lunar maria (20 out of 23) are located in the
PKT, and the remaining three (i.e., Mare Orientale, Mare Moscoviense, and Mare Ingenii)
are located in the highlands [15]. Almost all maria belong to impact basins, generally
distributed in the center of the basins, which is a large basalt area in the center of a basin.
However, not all basins have basalt, and not all basalt areas in the center of the basin can
be defined as the mare, only the deposits of basaltic composition (i.e., mafic impact melts)
in the center of basins can be defined as mare materials.

As shown in Figure 1: (1) In and near the PKT, basalt filled more than two annular
structural regions or even all basins, the diameter of basins ranging from 100+ km (e.g.,
Iridum Basin) to 1000 km (e.g., Serenitatis Basin); (2) In the transition zones between the
PKT and highland, and South Pole-Aitken Terrian (SPAT), some other basins only have
basalts in the center and margin, distributed, with a diameter spanning from 100+ km (e.g.,
Schrodinger Basin) to 1000 km (e.g., Orientale Basin); (3) Some basins are exceptions, such
as Austral Basin, but it is all filled with basalt.

30°E 1500 W

%  Lunar Basins
[ Lunar Basalts

The boundary of tectonic unit

Figure 1. Distribution of the lunar basalts and basins in WAC image (108 m/pix). The boundary of
the technical unit based on the work of Jolliff et al., [16], the rings the basins based on the work of
Liu et al. [17]; the boundary line of basalt based on the work of Hiesinger et al. [6-9], Morota et al. [10],
and Pasckert et al. [12].
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Basin impact events are the major exogenic geological process on the Moon during
3.8-4.3 Ga. Exploring the interrelationship between the lunar basalt and basins is the key
to uncovering the connection between lunar exogenic and endogenic geological processes.
Lunar volcanism did not begin immediately after the basin-forming impacts [18], which
implies that the impacts did not directly trigger the volcanism [19], yet their close spatial
link implies some sort of genetic connection. To determine any potential interrelationship
between them, the following questions need to be answered: (1) the timing of mare
volcanism in/around the basin, and any migration of volcanism with time; (2) the possible
cause of age difference (if exists) between the basalts and the impact event(s); (3) any spatial
distribution trend (and the cause of it) of basalts in the basin.

The multi-ring Orientale Basin, which is locally filled with mare basalts, offers an
opportunity to answer these questions. By studying the age and geological characteristics
of the Mare Orientale basalts, the relationship between mare basaltic volcanism and the
basin formation can be readily established [20]. Although the region has not been sampled,
the method of crater size-frequency distribution (CSFD) has been used to date the eruption
age of basalts in previous studies. Unfortunately, the resultant Absolute Model Age (AMA)
ranges inconsistency, which hinders understanding of the relationship between basins and
subsequent volcanic flows after impact. The inconsistency may be attributed to the choice of
counting area and identified superposed craters. In this study, we investigate the described
discrepancy in AMAs between mare basalts in/around the Orientale basin Chang’E series
data. In addition, the element compositions and impact direction are combined to reveal
the relationship between the basin volcanism and impact events, which provides new ideas
for explaining the age differences.

2. Orientale Basin

The Orientale Basin is the youngest and best-preserved multi-ring lunar impact basin
and has only undergone mild modification by subsequent minor impacts and volcan-
ism [21]. The basin is scientifically interesting since its interior remains largely unobscured
by mare deposits (unlike most other prominent nearside basins [22]) and allows investiga-
tion of an early-filling mare stage.

The circular Orientale Basin was formed in the Imbrian period and has four ring
structures, with diameter of approximately 313, 520, 615, and 919 km based on the Lunar
Orbiter Laser Altimeter (LOLA) data (Figure 2a). The AMA of the Orientale Basin was
estimated to be 3.8 Ga [23], with 38 craters mapped (a few 20 km in diameter) on the
Orientale Basin ejecta [24]. Similar work by Baldwin [25] yielded an AMA of ~3.79 Ga.
Recently, Yue et al. [21] reported a AMA of ~3.80 Ga for the Orientale Basin, using craters
of 0.7 km diameter in the entire ejecta around the basin.

After the basin formation, lava erupted and deposited locally in the basin, forming
basalt units in its center and rim: (1) Mare Orientale, the basalt areas in the center of
Orientale Basin; (2) Lacus Veris, the basalt areas between the Inner Rook Ring and the
Outer Rook Ring; (3) Lacus Autumni, the basalt areas between the Outer Rook Ring and
Cordillera Ring [26] (Figure 2b). However, there are certain deviations in the division of
geological units and age statistics of basalts in this area, as shown in Table 1 and Figure S1.

18



Remote Sens. 2022, 14, 1426

-120° -110° -100°

-30°

-120° -110° -100°

-90° -80° -70°

-90° -80° -70°

LOLA(m) -110°

9091.5

4776

3507

2203

934

-370

-1639

-4626.5
-110°

-100°

-90°

-80°

Figure 2. (a) Location map of Orientale Basin with four main rings (the rings the basins based on the
work of Liu et al. [17]) and deposits labeled (the deposits based on the work of Whitten et al. [20]) in
LOLA data; (b) The lunar basalts (the basalts based on the work of Morota et al. [10]) of the Orientale
Basin in WAC image (108 m/pix).

Table 1. The AMAs ages of basalts in the Orientale Basin.

Basalts Name Reference Subunit Name The surface Age of
Basalts (Ga)
Mare Orientale West (1) 3.45
Greely et al., 1993 Mare Orientale .Southeast 2) 3.45
[27] Mare Orientale 3.70
South-Central (3)
Mare

Orientale Southwest 3.77
Cho et al., 2011 [28] SW Polygon 3.77
east 291
. Mare sheet 3.64
Whltten[ ze;]al., 2011 Mare Orientale 7 3.57
Kopff 3.36
Greely et al., 1993 Lacus Veris 2.85

[27]

Noth 2.16,3.36, 3.56

Lacus Veris Cho et al., 2011 [28] South 220
9 3.44
Whitten et al., 2011 11 3.22
[20] 12 3.36
14 3.20
Greely et al,, 1993 Lacus Autumni 3.85

[27]
North 2.03
Lacus Cho et al., 2011 [28] Middle 1.75
Autumni South 2.16
Whitten et al., 2011 2 i’gz
[20] 23 2.38
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3. Data and Methods
3.1. Crater Size-Frequency Distribution (CSFD) Model

CSFD measurement is a powerful remote sensing technique to obtain relative age and
AMA for unsampled planetary surfaces, such as the Orientale basalts. The surface area of
the unit and the primary impact crater within the unit were mapped with the ArcGIS add-in
“CraterTools”, which measures the unit area and the crater diameter [29]. Subsequently,
the crater distributions measured on geologic units of different ages can be aligned along a
complex continuous curve in CraterStats2 [30].

It is reasonable to assume that the physical properties of the target (e.g., density) can
influence the crater size. However, the errors introduced by different crater sizes (due to
differences in target material) are irrelevant because only the Orientale mare basalts were
dated here. Secondary craters formed from the ejected material of a primary crater are thus
not correlated to the impact rate, yet most secondary craters can be readily identified and
excluded from the crater counts by their cluster/chain occurrence, elongated/irregular
outline, and the herringbone pattern of their ejecta [31-33].

Moreover, the resurfacing of a magma eruption would preferentially cover smaller
craters in the older unit, while larger craters would remain detectable. Continued impact
cratering would form a new crater population in the younger unit. The selective masking
of smaller craters would cause a deflection in the distribution between two segments on the
age curve in the CSFD, which have different tangential isochrones [10]. The lower isochron
can be used to approximate the end time of the resurfacing event (i.e., the age of surface
basalt), whereas the upper isochron can be used to approximate the underlying basalt
age [10]. The smaller impact craters would be destroyed by later impact craters and basalt
eruption, whereas the larger impact craters would not be completely filled with basalt due
to their greater depth. As a result, two or three isochrons would appear in the CSFD.

3.2. Data

The CSFD measurement method is generally dependent on the data image quality,
i.e., the spatial resolution and the illumination conditions, on which the crater counts are
performed [9]. The datasets used here include those from CE-2 (http://moon.bao.ac.cn/,
accessed on 15 November 2021): 20 m-resolution CE-2 DTMs (Digital Terrain Models) (ID
of the data used: H005, H006, 1005, 1006) and 7 m-resolution CE-2 CCD images (charge-
coupled-device) images (ID of the data used: H113, H114, H115, H214, H213, H212, H211,
1113, 1211, 1212, 1213, 1111, 1112).

Although the CE-2 CCD images (7 m/pixel, incidence angle: 5°) [34] have a higher
sun-angle than the WAC (108 m/pixel, incidence angle: 60°) (Figure 3a,d), an order of
magnitude better than WAC. As a result, taking three different types of the crater as an
example, we can issue these three craters measurable in the CE-2 CCD images (Figure 3c)
are either barely visible or saturated in the WAC image (Figure 3e), which would yield
better correct crater statistics and reliable ages using CE-2 CCD images. (1) There is a crater
in area “I” (diameter: 415 m). Its display is dimmer in the original 7 m-resolution CE-2
CCD image (Figure 3b), but clearly displayed in the 7 m resolution CE-2 CCD effect after
partial stretching (Figure 3c). The display is the clearest when the 7 m resolution CE-2 CCD
is superimposed on the 20 m resolution CE-2 DTMs (Figure 3f), but the crater is still the
least visible in the WAC image even after partial stretching (Figure 3e); (2) In area “11”, a
degraded crater is identified in the 7 m resolution CE-2 CCD data superimposed on the
20 m-resolution CE-2 DTMs as shown in Figure 3b,c,e,f; (3) In “III” area, small-scale impact
craters, such as a 62-m impact crater, are identified on the CE-2 data (Figure 3c,f), which
diameter has exceeded the size of a WAC pixel (108 m/pix).
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Figure 3. Comparison between CE-2 data with WAC data (108 m/pix): (a) 7 m resolution CE-2 CCD
images of part of Orientale Basin: CE2_GRAS_DOM_07m_I112_17S088W_A tif, the red box indicates
the location of (b,c,e,f); (b) original 7 m resolution CE-2 CCD image of the red box area in a and d; (c)
the 7 m resolution CE-2 CCD image of the red box area in a and d after partial stretching, the white
box area is the enlarged image of the area indicated by the white arrow III; (d) WAC (108 m/pix)
of part of Orientale Basin, the red box indicate the location of (b,c,e,f); (e) WAC image of the red
box area in a and d after partial stretching; (f) the 7 m resolution CE-2 CCD data superimposed on
20 m-resolution CE-2 DTMs of the red box area in a and d, the white box area is the enlarged image
of the area indicated by the white arrow III.

In summary, despite the higher sun-angle of CE-2 CCD data, the impact features with
small diameters have a higher definition in CE-2 CCD images after local stretching, which
is more conducive to identifying these small craters. After superimposing CE-2 DTMs on
CCD data, some severely degraded craters become clearer. Therefore, these advantages of
CE-2 data all would help to facilitate the crater counting and yield a more reliable AMAS
in the CSFD using CE-2 data.

The TiO; and FeO content product derived from the Chang’E-1 (CE-1) Interference
Imaging Spectrometer (IIM) data with the algorithms described by Wu et al. [35] is used
to evaluate the boundaries of maria basalt units in this research. The global product is
released with a spatial resolution of ~200 m/pixel. The Mg” are calculated by the MgO and
FeO abundance from Lunar Prospector (LP) [36]

4. Results
4.1. Basaltic Area Identification

Hiesinger et al. [6] assume that the spectrally-homogenous units were formed within
a relatively short period, and have first-order similarity in mineralogy, representing a
single eruptive phase. However, from the TiO; and FeO contents calculated from the
Chang’E-1 Interference Imaging Spectrometer (IIM) data with the algorithms described
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by Wu et al. [35] (Figure 4a,b), the basalts in the center of the Orientale Basin are not a
single geological unit. Greeley et al. [27] used the Galileo SSI albedo (0.56 um) image
superimposed on a shaded airbrush map and divided this basalt field into four sub-regions.
Nonetheless, due to the low data spatial resolution, this approach was not adopted by some
subsequent studies [28,37,38]. Consequently, Mare Orientale is still regarded as a single
geological unit for age calculation and other related research. Combined with the work
of Greeley et al. [27], the estimated TiO, and FeO contents, and CE-2 CCD data, we have
divided the sub-geological units of Mare Orientale in greater detail (Figure 4c). Among
them, (1) the positions of c1 and ¢9 are separated from other subunits; (2) c2 has lower FeO
content and TiO; content; (3) the FeO content and TiO, content of ¢3 and c5 are both higher,
but there is a transition zone between them, which is more likely to belong to two eruptions;
(4) c4 has highest FeO content and TiO2 content; (5) both c6 and ¢8 have lower TiO, content,
but c6 has higher FeO content; (6) c¢7 has higher FeO content and lower TiO; content. The
boundary (white line in Figure 4c, 4d) between them can be shown in combination with
CE-2 CCD images.

Yy Fe()zgg% (b) E,

-10°—

-99° -96° -93° -90° -100° -95° -90° -85° -80°

Figure 4. (a) IIM FeO abundance (wt%) map of the study area; (b) IIM TiO, abundance (wt%) map of
the study area; (c) Newly defined geologic (basalt) units of the Orientale Basin. White lines denote
the central basalts. As the background image is spliced from 7 CE-2 CCD images, there is a slight
banding; (d) Basalts and crater counting areas of this study in WAC data. Red boxes denote the
crater-counting areas.

22



Remote Sens. 2022, 14, 1426

2

Cumulative crater density, km

2

Cumulative crater density, km

Based on the basalt distribution, Lacus Veris and Lacus Autumni are divided into four
and three sub-geological units, respectively.

When calculating the age, the counting areas are located within spectrally homogenous
areas of a single mapped unit. For reliable CSFD measurements, we paid particular
attention to excluding areas affected by other geological events, endogenic and secondary
craters (Figure 4d).

4.2. Crater Retention Ages

In total, 16,823 craters (0.06 km diameter) were mapped in the Orientale Basin basalts.
The mapped crater dataset and their information are given in the supplementary material
(the craters counted in the different areas.scc). In contrast, the smaller craters (0.2 km
diameter) are only partially recognized, with the diameter-number curve flattening toward
smaller diameters, inconsistent with the CSFD rule. As a result, 3296 craters (0.2 km
diameter) were used here to estimate the AMAs of the Orientale Basin basalts.

As shown in Figures 5-7, the ages obtained by CSFD of subunits c2, ¢5, c7, ¢9, €3, e4,
and e7, as described in Section 3.1, appear segmented. The appearance of this phenomenon
indicates that there may be multiple eruptions in the basalt units of the Orientale Basin.
The younger age represents the surface age of the basalts, whilst the older age represents
the underlying age of basalt. Meanwhile, combined with the impact age of the Orientale
Basin, the oldest of the segmented ages obtained may be the age of the first large-scale
basalt eruption after the basin impact in the subunits. The results are described in detail
as follows.
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Figure 5. CSFD and mean AMAs of sub-units c1-c9 in Mare Orientale. Black characters denote the
surface age of basalts, the red and green colors represent the older age of the underlying basalt. The
AMAs were estimated with the Craterstats2 Tool with the production and chronology functions
of [37].
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In Mare Orientale, the estimated surface ages of the nine spectrally-homogeneous
central Orientale basalt units range from 2.26 to 2.92 Ga (Figure 5), which are much younger
than those estimated by Greely et al. [27] and Whitten et al. [20], and slightly younger than
those estimated by Cho et al. [28] (Table 2). The elimination of secondary craters made
possible by the high-resolution observations may account for the younger age we obtained.
Moreover, the larger craters (D 1 km) of the distribution in ¢2, ¢5, ¢7, and c9 lie on the older
isochrons, which is simply interpreted as the AMA of the pre-existing basalt surface. These
older ages are similar to the age of the basin impact event and likely represent the age of
the first basalt eruption after the impact event.
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Meanwhile, the ages calculated for the four main basalt ponds in Lacus Veris range
from 3.08 to 3.40 Ga (Figure 6), consistent with previous estimates [20,27,28] (Table 2).
Moreover, the larger craters (D 1 km) of the distribution in €3 and e4 lie on the older
isochrons, which may represent the timing of the basalt eruption of the first phase of Lacus
Veris. For Lacus Autumni, the estimated ages of the three spectrally homogeneous rim
basalt units range from 3.21 to 3.48 Ga (Figure 7), which are much older than previous
estimates [20,27,28] (Table 2). Partially degraded craters are identified in high-resolution
images, causing older ages in these small dating sites. The larger craters (D 1 km) of the
distribution in €9 lie on the older isochron, which may represent the age of the first basalt
eruption at Lacus Autumni.

5. Discussion
5.1. Implications to the Volcanic History in the Orientale Region

The AMAs of basalt subunits (Figures 5-7) provide information of the volcanic history
in the Orientale Region. Based on the estimated ages of mare deposits, we reconstruct
the following volcanic history for the Orientale region: (1) 3.80 Ga impact occurred in the
Orientale Basin [21]; (2) Basalt eruptions in Mare Orientale started soon after the impact
(3.77 Ga); (3) Large part of basalts in the basin center was last resurfaced at 2.26 Ga, with
an age difference of 1.5 Gy; (4) Lacus Veris may have erupted during 3.70-3.50 Ga, but the
latest eruption occurred at 3.08 Ga after an interval of 0.62 Gy; (5) Lacus Autumni erupted
at 3.75 Ga, and ceased to erupt at 3.21 to 3.48 Ga (~0.4 Ga after the eruption).

We suggest that the mare volcanism was first focused in the basin center, and then
occurred in the basin margin. However, due to some unknown mechanisms, the volcanism
in the center lasted longer, resulting in a younger surface age.

5.2. Implications for the Basin Volcanism
5.2.1. TiO, and Mg" Contents of the Orientale Basalts

Although global remote sensing data indicate no simple relationship between the
Ti content and the mare basalt age, and that basalts with varying Ti content could have
erupted coevally [39—-41]. Therefore, Ti content cannot be used as a research indicator when
studying the eruption characteristics of global lunar basalts. However, remote sensing data
also revealed that the basin-scale mare volcanism evolved independently of neighboring
regions [42], a possible relationship between Ti content and volcanic age has been reported
in every separate basin [42]. The wide Ti range of mare basalts suggests diverse mantle
compositions and/or complex mantle dynamics. Taylor et al. suggested that TiO, can be
used to reflect the magma source region, with higher TiO, content implying more primitive
lunar mantle-derived magma (and vice versa for lunar crustal-derived magma) [43]. Mg-
number (Mg” = atomic Mg/ (Mg + Fe)) is an important petrologic discriminator for both
terrestrial and lunar rocks [44] and can reflect the degree of basalt fractional crystallization.

In this study, we have calculated the average TiO, and Mg" contents of the basalts
from the margin of seven basins and the center of nine basins (Table S1, Figure 8). The
basalts in the basin center and rim are named the Central Basin Basalt (CBB) and Rim
Basin Basalt (RBB) in this paper, respectively (Figure 4d). The nine geological units of
Mare Orientale belong to the CBB, while the seven geological units of Lacus Veris and
Lacus Autumni belong to the RBB. Accordingly, the Mare Orientale basalts have higher
TiO, but lower Mg contents than the Lacus Veris and Lacus Autumni basalts. The low-Ti
magma was generated in the earlier stage, whilst the high-Ti magma was formed in the
later stage [42].
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Figure 8. TiO, and Mg” content of the Orientale basalts.

This also shows that basalts in different regions may come from different sources:

(1) if the basalts were sourced from other locations, the basalt composition on the basin
margin should be similar to that in the center; (2) the basalt in the basin was likely formed
from different stages and different source regions: basalt in the center is more fractionated
and has a deeper source region, while that on the margin is less fractionated and has a
shallower source region.

5.2.2. Relationship between Impact Direction and Basalt Distribution

The overall pattern of ejecta and offset mascon [45] indicates that the Orientale Basin
was formed from an oblique impact. The focused stream spatial data analyzed using
the LOLA DEM data can identify the ejecta patterns generated by oblique impacts [46]
and the impact direction along a northeast-southwest line. Detailed ejecta facies of the
Orientale Basin indicates the same northeast-southwest impact direction [46,47]. As shown
in Figure 9, the line of bilateral symmetry is represented by the red line and the impact
direction is indicated by the arrow at the southwestern end.
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Figure 9. Relationship between impact direction and basalt distribution.
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We found that there are much more basalts in the upstream than downstream of
the Orientale impact direction, indicating that the basalt eruption occurred more likely
toward the uprange. Combining the numerical simulation by Stickle et al. [48], the gravity
gradient estimated by Andrews-Hanna et al. [49], and the findings on the Malt Wilson
impact crater [50], we suggest that the impact occurred in the uprange and the center
impact basin with more deep fractures, which led to the appearance of more basalt in the
corresponding area.

5.2.3. Model for the Basin Volcanic Formation

Integrating our results and published works, we suggest that at 3.80 Ga, an impact
body (50-80 km diameter) [51] may have struck the lunar surface obliquely forming the
Orientale Basin [46,47]. The basin excavation process depressurized the underlying material
and in-situ decompression melting occurred. Besides, more impact fractures were formed
at the center and the upstream of the impact, forming a basin mason and alternating
gravity gradients within the basin [49]. The mascon associated with the lunar maria may
have created stress difference (~100 bar) within the upper 300 km of the lunar crust and
mantle [52], and impact melting of the lunar mantle gradually formed a magma chamber.
Approximately 30 My after the impact, the basalt may have erupted to the surface in
the center. Due to the deeper faults in the upper reaches of the basin, some basalts may
have erupted at the negative gravity anomalies upstream. Subsequently, the thermal
energy caused by the impact continued to weaken, and the basalt eruption in the basin
margin ceased. The thermal energy in the center and the gravity anomalies [52] may have
continued the eruption for 1.51 Gy.

6. Conclusions

Based on the derived model ages, we conclude the following: (1) Both the central
basalts and the margin basalts are characterized by multiple eruptions. The longest volcan-
ism of the central basalt and margin basalt lasted for 1.51 and 0.67 Gy, respectively. The
results provide a foundation to estimate the lunar basalt eruption rate and duration [53]; (2)
spatial distribution of the basalts suggest that the basalt eruption occurred in the upstream
and center of the Orienlate impact tract and that there was almost no basalt eruption
in the downstream of the tract; (3) the higher TiO, and lower Mg" characteristics in the
center basalt suggest that the continuous basalt eruption was sustained by the post-impact
internal thermal evolution and gravity gradient changes. For future studies, it is necessary
to verify whether such eruption pattern exists also in the volcanic formation of other basins.
Meanwhile, numerical simulation of the volcanic formation can help to better understand it.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/rs14061426/s1, The craters counted in the different areas.scc;
Figure S1: The division of geological units in previous papers; Table S1: TiO, content and Mg# of the
Orientale basalts. Refs [11,35,36,44] are cited in the supplementary materials.
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Abstract: Mare Fecunditatis is a ~310,000 km? flat basalt plain located in the low-latitude area of
the Moon. Plenty of volcanic features (multiple episodes of mare basalts, sinuous rilles, lava tubes,
pyroclastic deposits, domes, irregular mare patches (IMP), ring-moat dome structures (RMDS),
floor-fractured craters), tectonic features (grabens and wrinkle ridges), impact-related features,
and other features (swirls, pit craters) are identified in Mare Fecunditatis. An in-situ mission to
Mare Fecunditatis is scientifically significant to better understand the lunar thermal histories and
other questions. All previous in-situ and human missions (Apollo, Luna, Chang’E) were limited
to small areas, and no traverse longer than 40 km has been made yet. With the development of
technology, long-distance movement will be possible in the future on the lunar surface, providing
opportunities to explore multiple sites at one mission with complete documentation of the regional
geology. Eight high-value targets (pit crater, IMPs, RMDSs, young basalts, high-Al basalts, pyroclastic
deposits, swirls, and fresh craters) were found in Mare Fecunditatis, and a ~1400 km-traverse in
5 years is proposed to explore them to solve the most fundamental lunar questions.

Keywords: Moon; Mare Fecunditatis; long-distance exploration

1. Introduction

The Soviet Union, United States, Europe, China, Japan, and India have successively
conducted their lunar robotic or crewed missions since the 1960s. Extraordinary scientific
discoveries have been made, but even more questions have been proposed, including
(1) bombardment history, (2) lunar interior, (3) crust and regolith, (4) polar region and
volatiles, (5) volcanism and thermal evolution, (6) impact process, and (7) space weather-
ing [1], and more scientific landing sites across the Moon have been proposed (e.g., [2-7]).
However, different high-value targets are distributed all over the Moon and are normally
far away from each other (Figure 1). The short detection distance (less than 39 km, made by
Lunokhod 2 in 1973) of previous missions limited the complete scientific documentation of
the investigation area, and exploring multiple sites in large distance at one mission was
impossible in the era. With the development of technologies, multi-target long-distance
missions [8,9] in the near future may become reality. The Intrepid mission [8] concept is
one of the examples. The designed rover plans to travel ~1800 km in the Oceanus Procel-
larum in a 4-year period, which will explore Reiner Gamma, Marius Hills, young mare
basalts, Aristarchus Plateau, Aristarchus Crater, and irregular mare patches (IMPs). Both
4 and 1.2 billion years of volcanic activity on the Moon could be revealed by Intrepid. The
long travel distance would make the scientific outcomes several times larger than a normal
rover mission.
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Mare Fecunditatis (centered at 7.8° S, 53.7° E) is a low-latitude area with flat terrain
on the nearside of the Moon. The basin formed in the pre-Nectarian period (>3.92 Ga),
while the mare basalts were mainly filled in the Imbrian period (3.2-3.85 Ga) and continued
until the Eratosthenian period (1.1-3.2 Ga) [10-12]. There is a diversity of volcanic features
(e.g., mare deposits, sinuous rilles, lava tubes, pyroclastic deposits, domes, irregular mare
patches, ring-moat dome structures), tectonic features (e.g., graben and wrinkled ridge),
impact-related features, and other features (e.g., swirls, pit craters) in Mare Fecunditatis.
A composite of in-situ investigations of these features will provide a window to understand
the external and internal processes. In this study, the scientific value of eight targets (pit
crater, IMPs, RMDSs, young basalts, high-Al basalts, pyroclastic deposits, swirls, and fresh
craters) was listed, and a ~1400 km traverse routine through Mare Fecunditatis in 5 years
was proposed, which would help the planning of long-distance missions in the future.
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Figure 1. Orthographic map of Wide Angle Camera (WAC, [13]) image with projection center in Mare
Fecunditatis (7.8° S, 53.7° E). The flag icons stand for the previous soft-landing missions of the United
States, Soviet Union, and China, respectively. The green points, dark yellow triangles, blue points,
red triangles, pink outlines, green outlines, and jadeite areas represent identified pit craters [14],
IMPs [15], RMDSs [16], pyroclastic deposits [17,18], swirls [19], fresh craters [20], and young basalts
(<3.0 Ga, [21-25]), respectively. The white box represents the locations of other figures in this paper.
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2. Topography of Mare Fecunditatis

Mare Fecunditatis is located in the low-latitude area on the eastern nearside of the
Moon, covering an area of ~310,000 km? (Figures 1 and 2a). SELENE and LRO DEM 2015
(SLDEM2015, 60 m/pixel, [26]) data show that Mare Fecunditatis has a higher elevation
in the southwest and a lower elevation in the northeast, and the elevation of 99% of Mare
Fecunditatis varies from —0.3 km to —2.7 km (Figure 2b). The peak ring of the Mare
Fecunditatis basin is strongly degraded, and the outline is difficult to distinguish [27].
The slope in the basin interior is relatively gentle (average slope of 3.56°); more than 99%
of the area has a slope of less than 20°, and 84% of the area has a slope of less than 5°
(Figure 2c). Roughness [28] based on the median slope of the 57 m-baseline Lunar Orbiter
Laser Altimeter (LOLA, [29,30]) data shows an average value is 1.7°, while the roughness
of more than 90% of the area is less than 2.6° (Figure 2d). Mare Fecunditatis is relatively
flat, and only crater rims appear with large roughness.
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Figure 2. The (a) WAC image. The white boxes represent the locations of other figures in this paper
(b) SLDEM2015, (c) SLDEM2015 slope, and (d) LOLA roughness of Mare Fecunditatis.
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3. Geology and Geomorphology of Mare Fecunditatis

Mare Fecunditatis basin was formed in the pre-Nectarian period, followed by the
mare basalts eruption in the Imbrian period, and the volcanic activity continued until the
early Eratosthenian period [10-12]. There is no mass concentration in the center of Mare
Fecunditatis [31], while there are positive Bouguer anomalies on the east and west sides [32]
of the basin. A diversity of geological features (Figure 3) is found in Mare Fecunditatis.
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Figure 3. Geological features in Mare Fecunditatis, shown with a WAC image. The green points,
dark yellow triangles, blue points, red triangles, bluish green boxes, green lines, brown lines, yellow
outlines, green outlines, purple outlines, and pink outlines represent identified pit craters [14], IMPs
(updated from [15]), RMDSs [16], pyroclastic deposits [17,18], domes, sinuous rilles [33], wrinkle
ridges [34], floor-fractured craters [35], fresh craters [20], buried craters, and swirls [19], respectively.

35



Remote Sens. 2022, 14, 1062

3.1. Volcanic Features
3.1.1. Mare Basalts

Lunar mare basalt is the main volcanic product of lunar mare volcanism, originated
from the partial melting of the lunar mantle and filling some of the impact basins after
eruption, including Fecunditatis basin, forming Mare Fecunditatis.

The basalt in Mare Fecunditatis has an average thickness of ~500 m [36], with a thick-
ness of up to 1500 m in the center [37]. The Multiband Imager (MI, [38]) FeO map shows that
Mare Fecunditatis is 17-20 wt% in the center and 14-17 wt% in the south (Figure 2a, [39,40]).
The WAC TiO, map [41] shows high-Ti (TiO; > 6 wt%) and low-Ti (TiO,: 2-6 wt%) basalts
are mainly distributed in the center of the basin, while very low-Ti (TiO, < 2 wt%) basalts
are mainly distributed in the and southern region (Figure 2b). Interference Imaging Spec-
trometer (IIM, [42,43]) Al maps [44] show high-Al (Al,O3 > 11 wt%) basalts are widely
distributed in the Mare Fecunditatis, except for the northeastern part; the results are similar
with the compositional constraints based on FeO, TiO;, and Th maps [45,46].

Luna 16 landed in the northeastern part of Mare Fecunditatis (0.7° S, 56.3° E) in 1970.
All returned basalt fragments have high-Al (Al,O3 > 11 wt%) characteristics [47], with
a TiO; content of 1-5 wt%, Al,O3 content of 11-20 wt%, and Mg# (Mg/(Mg+Fe) in mole
percent) of 0.3-0.4 [47,48]. The isotopic ages of basalt samples show three-episode magmatic
activities between ~3.14 and 3.42 Ga, but concentrate in ~3.4 Ga [49-52]. According to the
mare unit map [12] (Figure 4d), the age of the unit where Luna 16 landed is 3.36 Ga, which
is in good agreement with the 3.4 Ga isotopic age. The age of the low-Ti, high-Al basalt
in the central and southern parts is 3.5-3.7 Ga, while the high-Ti basalt in the northeast
is relatively young, at 3.34-3.36 Ga, and the magmatic activity of some basalts in the
southwest continues to 3.14 Ga. In addition, we find a small number of areas with lower
albedo, fewer craters, and fewer ejecta materials. Among them, three areas show relatively
younger ages (2.2-2.9 Ga; Figure 5).
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Figure 4. The (a) MI FeO map, (b) WAC TiO, map, (c) IIM Al,O3 map, and (d) MI color ratio map
and the age of different geological units (adapted from [12]) of Mare Fecunditatis.
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Figure 5. Crater size—frequency distribution measurements of three Eratosthenian-aged basalt areas
with IMPs (dark yellow triangles); craters with diameter > 150 m are used for dating. (a) MI color
ratio map of counting area 1 (2.0° S, 43.2° E); (b) crater counting of area 1, shown with a Terrain
Camera (TC, [53]) image; (c) absolute model age of area 1; (d) MI color ratio map of counting area 2
(0.4° S, 43.0° E); (e) crater counting of area 2, shown with a TC image; (f) absolute model age of area 2;
(g) MI color ratio map of counting area 3 (0.1° N, 42.4° E); (h) crater counting of area 3, shown with
a TC image; (i) absolute model age of area 3. The black boxes represent the locations of other figures
in this paper.

3.1.2. Sinuous Rilles

Sinuous rilles are formed by the erosion of the lunar surface or the continuous collapse
of lava tubes during the flow of high-temperature lava, which usually originates from
a depression, extending from high terrain to low terrain, and gradually disappears on the
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smooth lunar mare [54]. A short small-scale sinuous rille (Figures 3 and 6) is found in the
western part of Mare Fecunditatis, adjacent to pyroclastic deposits. This sinuous rille is
26.8 km in length, 1000 m wide, and 69 m deep. A possible 17.5 km long collapsed lava
tube with 0.69 km in width and 65 m in depth is also discovered next to the sinuous rille.
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Figure 6. Sinuous rille, graben, and pyroclastic deposits (red dotted outline) in western Mare
Fecunditatis (2.5° S, 42.0° E), shown with a WAC image.

3.1.3. Floor-Fractured Craters

The Taruntius crater (5.5° N, 46.5° E, Figure 7a) and Goclenius crater (10.0° S, 45.0° E,
Figure 7b) are found in the northern and western part of the Mare Fecunditatis, respectively.
Their floors are cut by concentric or polygonal fractures, known as floor-fractured craters
(FECs) [35,55,56]. There are two formation hypotheses for FFCs: (1) viscous relaxation,
wherein the crater floor rebounds to fill the crater at a rate controlled by the subsurface
viscosity structure, resulting in an overall amplitude shallowing of long-wavelength crater
topography [57]; and (2) magma intrusions and sills form beneath the crater, and the magma
lifting produces the laccolith and fractures the overlying the crater floor [35,55,56,58]. Recent
numerical simulations do not support the viscous relaxation hypothesis [59], but high-
resolution topographic and gravity data advocate the magma intrusion hypothesis [35,55,56].
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20 km

Figure 7. Floor-fractured craters, shown with WAC images. (a) Crater Taruntius (5.5° N, 46.5° E)
with dark mantle pyroclastic deposits in the center (red dotted line); (b) Crater Goclenius (10.0° S,
45.0° E).

3.1.4. Pyroclastic Deposits

Pyroclastic deposits are the products of explosive volcanism, and the characteristic
richness in glass and titanium make them darker than overflow basalts [60]. They have
a smooth surface and usually occur close to sinuous rilles, irregular depressions, and the
boundary between the maria and highlands [61]. Two areas in Mare Fecunditatis have
pyroclastic deposits: in the Taruntius crater [62] on the northern side of the center peak
(Figure 7a, 5.4° N, 46.5° E), and the area connecting to the sinuous rille (Figure 6, 3.0° S,
42.3°E).

3.1.5. Irregular Mare Patches

Irregular Mare Patches (IMPs) are enigmatic features occurring in the lunar mare.
Typical IMPs (such as Ina (18.65° N, 5.30° E) and Sosigenes (8.335° N, 19.071° E), Figure 1)
are one to several kilometers in size and composed of positive-relief mounds surrounding
low rough hummocky and/or blocky floor units. The IMPs in Mare Fecunditatis are
relatively small (tens to hundreds of meters in size) and only develop irregular, rough,
bright, and pit features. They may be formed by (1) sublimation [63]; (2) small magma
intrusion on the top of the dome [64-66]; (3) clearing of the overlying lunar regolith by
outgassing activity within 10 Ma [67]; (4) lava flow inflation [68]; (5) basalt eruption within
100 Ma [15]; (6) pyroclastic eruption [69]; and (7) lava lake process and foamy magma
extrusion [70-73]. The most fundamental scientific question of IMP is whether they are
young or not. Some authors [15] suggest that IMPs have ages younger than 100 Ma based
on impact crater chronologies. Others proposed IMP formed contemporarily with the
Imbrian-aged host basalts [68,70].

In the western part of Mare Fecunditatis, dozens of IMPs (Figure 3) are identified
within a length of tens to hundreds of meters. They are distributed on three small
Eratosthenian-aged areas (Figure 5), where TiO, content is >4 wt%. Most of the IMPs
are located next to the rim of craters (Figure 8a), and a few IMPs are not connected to the
crater (Figure 8b).
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Figure 8. Two sites of IMP in Mare Fecunditatis, shown with Narrow Angle Camera (NAC, [13])
images. (a) IMPs next to the crater rim (2.02° S, 43.31° E); (b) IMPs on the mare (0.09° N, 42.41° E).
Data source: NAC M1230441915RE and NAC M150239673LE.

3.1.6. Domes

The lunar volcanic domes are formed by (1) cooling limited lava flows [74]; (2) sub-
surface intrusion [75]; and combination of (2) and (1) [76]. There are at least 38 domes
(e.g., Figure 9) with a diameter of more than 500 m in the Mare Fecunditatis, mainly
distributed in the center of Fecunditatis where the content of TiO, generally exceeds 3 wt%.

Figure 9. The largest dome (1.5° N, 53.7° E) in Mare Fecunditatis, shown with a TC image.
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3.1.7. Ring-Moat Dome Structures

RMDS is a newly discovered lunar volcanic feature [77]. RMDSs are small circu-
lar mounds hundreds of meters in diameter and ~3—4 m in height, surrounded by nar-
row, shallow moats (Figure 10). Four hypotheses were proposed for the formation of
RMDSs [77]: (1) high-viscous lava eruption soon after the mare basalt; (2) geologically very
recent eruption; (3) small-scale squeezing features formed at the time of the mare basalt;
and (4) volatility-rich magmatic foam extrusion. More than 1,600 RMDSs have been identi-
fied in the Mare Fecunditatis [16] and they are concentrated in the northern sector, where
TiO; contents of the RMDS-bearing basalt are larger than 3 wt% and absolute model ages
range from 3.36 to 3.67 Ga [12]. The height of RMDSs is very low (usually a few me-
ters), which should be flattened now if RMDSs have similar ages with the surrounding
mare basalts. Some RMDSs were found in the craters with a low degree of degradation
(130-1500 Ma); thus, RMDSs are also potentially very young features [78,79].
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Figure 10. Two RMDSs (1.38° S, 52.27° E and 1.37° S, 52.29° E) in Mare Fecunditatis. (a) 3D
image of these two RMDSs (five times vertical exaggeration); (b) NAC orthoimage; (¢) NAC DTM;
(d) elevation of the profiles of (c). Data source: NAC M1126787189LE and NAC M106533362LE.

3.2. Tectonic Features
3.2.1. Wrinkle Ridges

A wrinkle ridge is a linear positive relief landform on the lunar surface, which ex-
tends up to hundreds of kilometers, mainly distributed in the lunar maria. There are
three main hypotheses on the formation of wrinkle ridges: (1) tectonic origins [80-82];
(2) magmatic origins [83-85]; and (3) tectonic and magmatic origins [85-88]. There are
more than two hundred wrinkled ridges (Figure 3) in Mare Fecunditatis [89]. Their lengths
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vary from 1 km to 250 km; most of them are less than 50 km long, mainly with an NS trend,
consistent with the global trend [34].

3.2.2. Arcuate Rilles and Grabens

In addition to the sinuous rilles and floor fractures, the tectonic movement also forms
long and narrow grooves, including arcuate rilles and grabens (straight rilles) (Figure 6).
Arcuate rilles are usually on the edge of the lunar mare with smooth curves [90]. The
graben (straight rilles) forms under the extensional stresses, and a block of the crust cracks
and drops down to create the valley floor [91-93].

3.3. Impact Craters

Impact craters are the most common geomorphologic features on the lunar surface.
According to their size and shape, craters are divided into simple craters (<20 km, bowl-
shaped, Figure 11a), complex craters (tens to hundreds of kilometers, with terraced walls,
central peaks, and flat floor), and multi-ringed basins (>290 km, with multiple peak
rings) [94]. Impact craters in Mare Fecunditatis are mainly simple impact craters, with sev-
eral complex impact craters on the edges. There are also some atypical craters such as
elliptical craters (Figure 11b), buried craters (Figure 11c), and crater chains (Figure 11d) in
Mare Fecunditatis.

Figure 11. Different types of craters in Mare Fecunditatis. (a) A simple crater (0.2° S, 45.5° E), shown
with a TC image; (b) Messier (1.9° S, 47.7° E), Messier A (1.97° S, 46.95° E), and smooth impact melts,
shown with a TC image; (c) a buried crater (3.10° N, 53.78° E), shown with a TC image; (d) crater
chains on the south of Langrenus (8.8° S, 61.2° E), shown with a WAC image.
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Messier Crater (1.9° S, 47.67° E) is an elliptical crater with a major axis ~14.3 km
and a minor axis of ~8.3 km, while the Messier A crater (1.97° S, 46.95° E) has a major
axis ~15.8 km and a minor axis ~11 km (Figure 11b) [95]. Messier was likely formed by
a low-angle westward impact, and Messier A formed following a rebound by the impacting
body [96]. Major vertical rays extend over 100 km north and south from Messier and
horizontal rays extend over 100 km west from Messier A. The results of Monte Carlo
simulations [97] show that the simulating ray patterns by oblique impact are very similar
to reality. In addition, there are at least 29 buried impact craters in the Mare Fecunditatis.
The crater chains refer to a row of craters distributed linearly. Crater chains formed by
secondary craters and collapse of the lava tube are identified in Mare Fecunditatis.

3.4. Other Features
3.4.1. Pit Craters

Lunar pit craters formed by the collapse of underground space. A total of 15 pit
craters have been discovered on the maria and 5 on the highlands [14,98-100]. The under-
ground space may be formed by the lava tube or the stoping of magma [14,100]. Recently,
the underground space of the caves in Marius Hills has been detected through radar and
gravity analyses [101,102]. Pit craters stay stable for at least tens of years. Some pits (such
as King Crater Bridge) found at the Apollo period still show no change with the NAC
data [14]. There is a pit crater (0.917° S, 48.660° E, Figure 12) in the center of Fecunditatis,
and a highland-type pit crater (6.752° S, 42.759° E, Figure 13) at the southwest.
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Figure 12. Pit crater (0.917° S, 48.660° E) in the central Fecunditatis. (a) 3D image (real elevation
values are used); (b) NAC orthoimage; (c) NAC DTM; (d) elevation of the profiles of (c). Data source:
NAC M1105602888RE and NAC M1197457075RE.
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Figure 13. Pit crater (6.752° S, 42.759° E) on the west of Fecunditatis. (a) 3D image (real elevation
values are used); (b) NAC orthoimage; (c) NAC DTM; (d) elevation of the profiles of (c). Data source:
NAC M1100931431LE and NAC M1120953701RE.

This paper employs Integrated Software for Imagers and Spectrometers (ISIS) to make
the high-resolution NAC DTM (Figures 12c and 13c) of two pit craters. The entrance
to the central Mare Fecunditatis pit crater (Figure 12) is about 125 x 100 m in size and
35 m in depth. Deposits lie on the southeast and northwest wall. The deposits on the
northwest wall extend ~30 m laterally, with a slope of 20-65°. The southeast wall has
collapsed severely, with a relatively gentle slope (10-35°). Most of the deposits are finer
than the resolution of the NAC image (~1.1 m), with only a few meter-level rocks at the
bottom of the pit crater. The bottom of the pit is relatively flat (<10°), with an area of
27 x 23 m? lower than 15°. The highland pit crater on the southwest side of Mare Fecundi-
tatis (Figure 13) is about 70 m in diameter, and the walls are very steep in all directions. The
gentlest southwest wall is 30-60°, and the maximum slope of the northeast wall exceeds
80°. The bottom of the pit is relatively flat (<10°) with an area of 23 x 10 m?.

3.4.2. Swirls

Lunar swirls are high-albedo loops and ribbons occurring in both maria and high-
lands associated with strong crustal magnetic fields. The formation of the swirls may be
related to (1) the magnetic anomalies blocking the solar wind ion bombardment, which
reduces the degree of space weathering (darkening with time) [103-106]; (2) comet impacts
or micrometeoroid swarms scouring the top-most surface regolith, which exposes fresh
material and imparts a remnant magnetization [107-109]; (3) weak electric fields attract the
high-albedo, fine-grained, feldspar-rich dust [110]. The interaction between the solar wind
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and silicate regolith produces water (e.g., [111,112]). Moon Mineralogy Mapper (M3, [113])
spectral data show that the regolith on the swirl has lower water than the surrounding
area [106], which supports the hypothesis (1).

There are three swirls (Figure 14, identified by [19]) on the highland at the southwest
side of Mare Fecunditatis with a low optical maturity (OMAT, Figure 14b, [40]), and the
surface vector mapping (SVM, [114]) of magnetic field (B-flied) shows this area has a mag-
nitude of up to 100 nT (Figure 14d). The MI mineral data (Figure 14c, [40]) of the swirl
show consistent plagioclase with the surrounding area, which contradicts hypothesis (3).

20 kmg’

~ Plag (Wwt%)
= 90

- -

Figure 14. Swirls (14.9° S, 51.8° E) on the west of Mare Fecunditatis. (a) WAC image; (b) MI OMAT
image (brighter tones indicate lower maturity); (c) MI Plagioclase abundance; (d) SVM magnetic field
magnitude map.
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4. Discussion

After analyzing the geological features in Mare Fecunditatis, eight targets are selected
with high scientific values. First, we summarize their scientific significance and then design
a traverse to detect all of these targets for a composite long-distance mission.

4.1. High-Value Detection Targets
4.1.1. Pit Craters

Pit craters are the natural cross-section to the subsurface of mare basalts, which could
be used to study multiple eruptions of lunar volcanism and ancient regolith. Pit craters also
connect to underground space, which has excellent conditions for the construction of a long-
term lunar research station [115,116], such as (1) relatively constant temperature [117,118],
(2) low cosmic ray flux [119,120], (3) little lunar dust [98], and (4) shielding from microm-
eteorite impact [120]. However, the entrance of the pit crater is usually very steep. The
pit crater in the middle of Mare Fecunditatis has a collapsed wall (10-35°) comprised of
deposits on the southeastern side, which makes it easy to enter the underground space
technically. A robot with inflatable composite structures [121] with laser scanners [122] and
other payloads may be considered to enter the cave. If successful, this project be the first to
enter the moon and investigate in-situ lava outcrops.

4.1.2. Young Volcanism

Crater size—frequency distribution (CSFD) measurements are widely used to date the
planetary surface. The CSFD measurements rely heavily on the lunar crater chronology
function (e.g., [123-127]), which is based on the returned lunar samples with known
sources. However, due to the lack of young samples (<3 Ga) at the age range of 1-3 Ga,
the chronology function maybe not be constrained well [128]. The lunar chronology
function is gentle, between 1 and 3 Ga, plus there is a small crater population in the
young region, which will bring additional errors of dating a young lunar surface [129].
Although Chang’E-5 brought back some young lunar basalts, with the youngest dating age
being ~2.0 Ga [130,131], more samples are needed to better constrain the lunar chronology
function within the age between 1.0 and 3.0 Ga. Basalts in Mare Fecunditatis with ages
between ~2.2 and ~2.9 Ga are ideal places to constrain the chronology function.

The timing of the latest lunar volcanic activity is extremely important for understand-
ing the thermal evolution history of the Moon. The Moon is expected to cool rapidly and
freeze the molten mantle layer quickly after its formation due to its small size [132]. Some
authors simulated that the heat is enough to maintain partial melting from the mantle and
eruption of mare basalts, until 2.2-3.4 Ga [133]. The youngest mare basalts are mainly dis-
tributed in Oceanus Procellarum (e.g., [21,25,134]) with the concentration of heat-producing
elements (e.g., [135-137]). However, the 2.0 Ga Chang’E-5 basalts are neither admixing
KREEP (enriched in potassium, rare-earth elements, and phosphorus) [130,138,139] nor
enriching volatiles [140], raising the question of what derives the late-stage basalts. The
young mare basalts within Mare Fecunditatis are far away from the Lunar Procellarum
KREEP Terrane (PKT) and may have a distinct origin with Chang’E-5 samples. All of
the IMPs are emplaced in the Eratosthenian basalts, and RMDSs are distributed in the
Imbrian basalts with TiO, > 3 wt% in Mare Fecunditatis; their spatial and time relationship
may provide additional clues of the young lunar volcanism. Plenty of in-situ chemical
detections, sample returns, and rock dating are required, and it is noteworthy that there
may be some sub-meter rocks in IMPs.

4.1.3. High-Al Basalts

Lunar basalt samples have significantly enhanced our understanding of the lunar
mantle composition and structures. High-Al basalts are widely distributed across the
Moon [45,46]. However, high-Al basalt samples are relatively few (Apollo 12, Luna 16,
and one sample each from Apollo 14 and Apollo 16). Moreover, the age of these samples is
bimodal, with few 3.4-4.0 Ga-old samples and no 3.5-3.8 Ga-old samples. Remote sensing
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data show that the southern Mare Fecunditatis is filled with low-Ti (<2 wt%) high-Al basalts
of 3.6-3.7 Ga [60], which is distinct from the collected samples. Thus, the high-Al basalts
in the southern Mare Fecunditatis could provide samples to study this type of special
lunar volcanism.

4.1.4. Pyroclastic Deposits

Pyroclastic deposits result from explosive volcanic eruptions, originating from the
deep mantle (~300 to ~400 km) [141,142]. The pyroclastic magma rises faster and may carry
some lunar mantle xenoliths. Sample analysis (e.g., [143-146]) and infrared remote sensing
data [147,148] showed over a hundred pg/g water in the pyroclastic glasses, indicating the
existence of volatile reservoirs in the lunar mantle. More pyroclastic glasses are required
to understand the water content and distribution in the lunar mantle. On the other hand,
the water in the pyroclastic deposits may be an important in-situ resource.

There are two sites of pyroclastic deposits in the Mare Fecunditatis: (1) one in Crater
Taruntius (5.4° N, 46.5° E), whose wall has a relatively high slope (15-30°), but is difficult to
access; (2) another in the western region of the Mare Fecunditatis (3.0° S, 42.3° E), which is
flat and easy to access.

4.1.5. Swirls

Lunar swirls are essential to understand (1) the history of the lunar core dynamo;
(2) the magnetic effects of large-scale impacts; (3) the formation of the swirls; and (4) the
specific space weathering effects (including the production of nanophase iron and water)
to the regolith with weak solar wind ion bombardment. Hundreds of swirls have been
identified on the lunar mare and highlands. However, none of the swirls have been
detected by the in-situ missions. Lunar swirls on the west side of Mare Fecunditatis are
across both highland and mare and most areas have a slope less than 15°, which is possible
to detect. Swirls near Mare Fecunditatis are across the highlands and maria, which require
detailed route planning with high-resolution images (e.g., NAC) and a rover with excellent
climbing ability.

4.1.6. Fresh Craters

The nature and extent of lateral and vertical mixing of local and ejecta material are
poorly constrained [1]. The eject rays from the fresh craters are less affected by space
weathering, and it is easy to separate the young ejecta from local materials if they have
distinct compositions. Petavius B (19.9°S, 57.0°E, 32.0 km in diameter), located in the
southeastern Mare Fecunditatis, is the ideal target to study the mixing of local and ejected
materials. It has a high albedo butterfly-shaped ray pattern stretching ~200 km with low-Fe
and low-Ti contents.

In addition, sample returned from impact melts of the fresh crater, such as impact
melts (tens of km?) between Messier and Messier A, would provide additional calibration
points at the younger range of the lunar chronology function, as a supplementary of the
young impact melt samples of Copernicus, Tycho, North Ray, and Cone craters collected in
the Apollo missions.

4.2. Traverse Design for Long-Distance Detection

Here, we envision a long-range exploration mission, referring to previous rovers and
the Intrepid [8,149] (Table 1). The concept mission temporarily named Fengfu is under the
brainstorming stage, and some content may be unrealistic right now. Most of the high-value
detection targets selected in this study are distributed in the center and southern Mare
Fecunditatis. A 1408 km traverse (Figure 15; Table 2) is designed with reference to the 60 m
spatial resolution SLDEM2015 slope map and 10 m-spatial-resolution TC images [150]. The
detection traverse starts from an RMDS (S1-1, 1.31° S, 52.50° E), passing through several
RMDSs (S1), domes (S1-4 and S3), pit crater (52), Messier Crater and its impact melt and
ray system (54), young mare basalt (S5), IMPs (S5), pyroclastic deposits (S6), sinuous rilles
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(S6), high-Al basalt, swirls (S7), and impact blanket of the Petavius B. The average slope of
the traverse is 2.58°, the slope of more than 94% in the traverse is less than 5°, and almost

100% has a slope of less than 10°. After entering the swirl on the highland, the slope is
steeper, but still <20°.

Table 1. Travel distance, time, and speed of previous lunar rovers, the Intrepid, and the Fengfu.

Rover Landing Time  Travel Distance Travel Time Average Speed Top Speed
Lunokhod 1 1970 10.54 km 321 days 0.97 km/lunar day 0.1km/h
Lunar Roving Vehicle (Apollo 15) 1971 27.76 km 3 h 02 min 9.15km/h 13 km/h
Lunar Roving Vehicle (Apollo 16) 1972 26.55 km 3 h 26 min 7.73 km/h 13 km/h
Lunar Roving Vehicle (Apollo 17) 1972 35.89 km 4 h 26 min 8.10 km/h 13 km/h
Lunokhod 2 1973 39 km 136 days 8.46 km/lunar day 2km/h
Yutu 2013 0.1148 km 42 days 80.63 m/lunar day 0.2 km/h
1.0039 km
Yutu-2 2018 (10 January 2022) 1103 days 26.85 m/lunar day 0.2km/h
Intrepid - 1800 km 4 years 37.5 km/lunar day 1km/h
Fengfu (this study) - 1400 km 5 years 22.58 lér:y/lunar 1km/h
60° E
OO
10° S
Station

40° E

®  Pit crater

High-Ti basalt
Low-Ti basalt
20°S  ———— High-Al basalt
- Crater blanket

= Swirl

——— Traverse

60° E

Figure 15. Long-distance detection traverse in Mare Fecunditatis, shown with a WAC image. White
points represent the stations in the mission, green points represent the pit craters, and lines with

different colors represent segments of the traverse. Considering the error of remote sensing data,
in this figure, the high-Ti basalt-traverses are defined as TiO, > 5 wt% on the WAC TiO, map,
and high-Al basalt-traverses are defined as Al;O3 > 13 wt% on the IIM chemical map.
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Table 2. Stations of the long-distance detection traverse in Mare Fecunditatis.

Station Latitude Longitude Exploration Time (Lunar Day) Description
S1-1 1.31471° S 52.5026° E 1 RMDS (High-Ti)
S1-2 2.16267° S 52.1579° E 1 RMDS (Low-Ti)
S1-3 1.95172° S 51.265° E 1 RMDS (Low-Ti)
S1-4 2.26975° S 50.8258° E 1 RMDS and Dome

S2 0.917°S 48.66° E 5 Pit crater
S3 2.71559° S 49.0189° E 1 Dome
S4 1.94542° S 47.2645° E 1 Impact melt
S5-1 1.883° S 43.176° E 1 IMP in a crater
55-2 2.16852° S 43.4695° E 1 IMP on the mare
S6 3.04264° S 42.348° E 1 Pyroclastic deposits and Sinuous rilles
S7 15.607° S 51.9968° E 1 Swirl

Exploration traverse: High-Ti basalt, Low-Ti basalt, High-Al basalt, Impact blanket, and Swirl

The traverse needs an unmanned rover with scientific payloads and some small robots
for sample collections. A small rover is greatly affected by the ambient temperature;
for example, Yutu-2 (135 kg) has to finish working at noon due to the high temperature.
Although a large rover is likely to have a good temperature-control system, we assume
that the Fengfu rover only has a third of the time (236 h) to work per lunar day and has
two working modes: (1) target-exploration mode, focusing on exploring targets and hardly
moving; and (2) navigation mode, traveling and detecting passing regolith and rocks.
Fifteen lunar days are allotted to the target-exploration mode (Table 2), including five lunar
days for the pit crater, and one lunar day for another target. Complex targets (such as pit
craters) would be explored in conjunction with astronauts or dedicated robots at the same
time—the samples would be returned, and the rover would be repaired. Although the
Fengfu could be designed to move very quickly, the rapid movement of the lunar rover
faces the risk of dust accumulation [151,152]. If the average navigation speed of the Fengfu
is 0.5 km/h (the same as the Intrepid), and (semi-automatically) travels 30 km (60 h) every
lunar day, there are another 176 h to explore passing regolith and rocks (roughly traveling
for 1 h and exploring for 3 h). It will take ~47 lunar days to finish the navigation. At the end
of this mission, the rest of samples would be packeted and returned by another mission.
A total of 62 lunar days (~5 years) are required to complete the mission.

Compared with detection targets in the Intrepid mission [8,149], both missions contain
IMPs (potential very young volcanism), young basalts (modification the crater chronology
curve and understanding the lunar thermal history), pyroclastic deposits (understanding
the deep mantle), and swirls (understanding lunar core dynamo and space weathering
effects). The targets in our work also include the pit crater (to detect underground space),
RMDSs (potential very young volcanism), high-Al basalt (filling the gap between Apollo
14 and Luna 16), and large fresh craters with melt sheet (modification of the crater chronol-
ogy curve) or distinct composition (understanding the mixture of local and ejecta material
processes). The exploration of Mare Fecunditatis is significant to fully understand the
history of lunar evolution.

5. Conclusions

A long-distance lunar traverse could solve more fundamental scientific questions
compared with a nominal short-distance mission. Mare Fecunditatis has a multitude of
high-value features and a flat terrain, which is very suitable for long-distance detection.
In total, several outstanding detection targets are selected: (1) pit crater may connect vast
underground void space, which is an ideal place to build a research station; (2) young
basalts (2.2-2.9 Ga) and the impact melts of Messier Crater may modify the chronology
functions; (3) young basalts and potential very young volcanism (IMP and RMDS) are key
to the thermal evolution history of the Moon; (4) basalts in the southern Fecunditatis may
be a type of high-Al basalt that differs from previous samples; (5) pyroclastic deposits are
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windows to understanding the composition of the deep mantle; (6) swirls and magnetic
anomalies are important to the history of lunar core dynamo and space weathering effects;
and (7)the ray system of the fresh crater may disclose the mixing of local and ejecta material
processes. Based on this, a ~1408 km traverse over 5 years has been proposed to explore
Mare Fecunditatis, which may help future planning of this class of long-distance missions
on the lunar surface.
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Abstract: In planetary construction, the semiautonomous teleoperation of robots is expected to
perform complex tasks for site preparation and infrastructure emplacement. A highly detailed 3D
map is essential for construction planning and management. However, the planetary surface imposes
mapping restrictions due to rugged and homogeneous terrains. Additionally, changes in illumination
conditions cause the mapping result (or 3D point-cloud map) to have inconsistent color properties
that hamper the understanding of the topographic properties of a worksite. Therefore, this paper
proposes a robotic construction mapping approach robust to illumination-variant environments. The
proposed approach leverages a deep learning-based low-light image enhancement (LLIE) method to
improve the mapping capabilities of the visual simultaneous localization and mapping (SLAM)-based
robotic mapping method. In the experiment, the robotic mapping system in the emulated planetary
worksite collected terrain images during the daytime from noon to late afternoon. Two sets of
point-cloud maps, which were created from original and enhanced terrain images, were examined for
comparison purposes. The experiment results showed that the LLIE method in the robotic mapping
method significantly enhanced the brightness, preserving the inherent colors of the original terrain
images. The visibility and the overall accuracy of the point-cloud map were consequently increased.

Keywords: planetary construction; robotic mapping; SLAM; low-light enhancement; 3D point-cloud
map; deep learning

1. Introduction

The international space community has been increasingly committed to returning
humans to the Moon, leading to the establishment of a permanent base and, eventually,
the Mars base (Figure 1) [1]. In situ resource utilization (ISRU) technology, which aims to
produce consumables from raw materials on the surfaces of the Moon and Mars, is one of
the key enablers of sustainable human exploration and habitation [2-5]. For instance, water
ice, recently discovered on the Moon and Mars [6-9], is used to generate hydrogen, oxygen,
water, fuel, and propellants for life support [10,11]. Regolith is another available resource
to produce construction materials such as bricks and blocks [12,13]. Three-dimensional
(3D) construction printing technology has been proposed as a robust and efficient means to
construct planetary infrastructure under extreme environments [14-17].

Planetary construction necessitates collaborative efforts from a variety of fields, one of
which is 3D terrain mapping for on-site construction planning and management. Different
from Earth construction, various types of teleoperated robots are expected to build a plane-
tary base and infrastructure [14,18,19]. A highly detailed and accurate 3D terrain map is
essential for planning robotic construction operations such as site preparation and infras-
tructure emplacement. Although planetary remote sensing data have been used to create
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global terrain maps [20,21], their spatial resolutions are insufficient to support robotic con-
struction. Rover-based 3D mapping is compulsory to understand the topographic aspect
of construction candidate sites. However, due to the homogeneous and rugged planetary
terrains in a global navigation satellite system (GNSS)-denied environment, the rover’s
mapping capabilities are limited. Thus, recent studies have presented numerous 3D simulta-
neous location and mapping (SLAM) techniques that can dynamically estimate the current
position and automatically build a 3D point-cloud map of surrounding environments.

Figure 1. Planetary base and ISRU facilities for human presence.

Sensors mainly used in SLAM techniques include light detection and ranging (Li-
DAR) and cameras. LIDAR SLAM, which allows high-resolution and long-range obser-
vations, can improve the autonomous navigation of planetary rovers. Tong et al. [22]
and Merali et al. [23] presented a 3D SLAM framework using rover-mounted LiDAR and
demonstrated globally consistent mapping results over test areas. Shaukat et al. [24] pre-
sented camera-LiDAR fusion SLAM, in which LiDAR overcomes the camera’s field of view
and point density restrictions and allows the camera to obtain a semantic interpretation
of a scene. However, planetary rovers typically suffer from limited capabilities in terms
of power, computational resources, and data storage [25]. Furthermore, no LiDAR exists
that can be applied to contemporary planetary rovers. In this regard, visual SLAM, which
mainly uses a camera system, has been considered to develop a 3D robotic mapping method
for planetary surfaces. In comparison to LiDAR, the advantage of a camera system is that
it is relatively lighter and consumes less power per unit. Additionally, as point clouds with
color information can be generated, static and kinematic objects can be easily detected and
identified in the dynamic nature of worksites.

In this paper, two types of visual SLAM-based mapping approaches, monocular SLAM
and stereo SLAM, are considered. Both approaches rely on the quantity and quality of
feature points on image frames from a camera system. Monocular SLAM searches for
correspondences using a feature descriptor for each feature point between consecutive
image frames from a single camera. The corresponding feature points are then used to
estimate the camera pose, as well as to create point clouds. Thus, it is crucial not only to
choose suitable feature points as a landmark but also to use a robust feature-matching
method. For example, Bajpai et al. [26] proposed a biologically inspired visual saliency
model that semantically detects feature points. Tseng et al. [27] improved oriented FAST
and rotated BRIEF (ORB) to enhance feature matching in a single image sequence. However,
a single camera is not able to handle the sudden movement of a mobile platform. Additional
inertial and range sensors are required to avoid scale ambiguity and measurement drift on
rough terrains. In comparison to monocular SLAM, stereo SLAM matches corresponding
feature points on a pair of two image frames, recovering relatively accurate pose estimations
and 3D measurements [28]. Hidalgo-Carrio et al. [29] developed a sensor fusion framework
using a stereo camera, IMU, and wheel odometer. A Gaussian-based odometry error model
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was designed to predict nonsystematic errors to increase the localization and mapping
accuracy. Additionally, for longer and faster traversal in future planetary missions, a field-
programmable gate array (FPGA) was implemented in the rover as a computing device for
terrain mapping in combination with the IMU and wheel encoder [25].

However, there are limitations pertaining to the photogrammetric mapping principle,
such as the sparse nature of point clouds due to uniform or repetitive texture of surfaces,
inconsistent color of images due to daylight fluctuations, and even infeasibility of image
acquisition in dark illumination conditions. Therefore, with the recognized technical
limitations, the primary objective of this paper is to develop a novel approach employing
modern visual SLAM and low-light image enhancement (LLIE) methods robust to variant
illumination conditions at unstructured worksites. The remainder of this paper is organized
as follows. Section 2 briefly describes the LLIE methods. Section 3 describes the proposed
pipeline of the 3D robotic mapping approach. Section 4 presents the experimental setup
to validate the proposed approach, followed by visibility and accuracy assessments of the
mapping results. Finally, conclusions are discussed in Section 5.

2. Low-Light Image Enhancement Method

Generally, LLIE methods can be categorized into histogram equalization (HE), retinex
theory, and deep-learning-based methods. HE increases the global contrast of a given
image by mapping the pixel intensity distribution to a uniform frequency distribution
and thereby spreading out the intensity values, resulting in the enhancement of areas
with low contrast. However, relying on global contrast to improve the visibility of a
diverse range of objects in the foreground and background may result in an inferior image
due to the overenhancement of certain regions within the foreground. To avoid this
limitation, adaptive histogram equalization (AHE) was proposed, where the complete
image is divided into smaller patches, and histogram equalization is subsequently applied
to each patch [30,31]. The contrast-limited adaptive histogram (CLAHE) method was
proposed to reduce noise amplification by clipping the histogram at a predefined threshold
depending on the normalization of the histogram and, in turn, the size of the patch [32].
This clipped region, when redistributed among neighboring histograms, tends to improve
overall image quality. Other methods extend this principle by dividing the image into
sub-histograms based on the mean pixel value (bi-histogram equalization [33]), median
pixel value (dualistic subimage histogram equalization [34], recursive subimage histogram
equalization [35]), and minimum mean brightness error bi-histogram equalization [36].
These parts are subsequently processed individually before merging to obtain an enhanced
image. While these algorithms provide robust performance, they cannot be directly applied
to individual color channels in RGB images, as they dramatically change the color balance.

The retinex theory is modeled on the human visual system and decomposes an image
into an illumination map and a reflectance map in the scene [37]. Classical retinex-based
algorithms such as SSR [38] and MSR [39] estimate and remove the illumination map to
obtain enhanced images. However, since the illumination map represents scene lighting,
removing it results in enhanced images having artifacts near the edges. To overcome this
limitation, naturalness preserved enhancement (NPE) was proposed to obtain illumination
and reflectance maps using a bright-pass filter, thus preserving the naturalness of the
image [40]. Another approach formulates the decomposition process as an optimization
problem, wherein Fu et al. [41] proposed a weighted variational model for simultaneously
estimating reflectance and illumination maps. However, this method is sensitive to the
presence of noise in low-contrast regions, resulting in halo artifacts in the enhanced images.
LIME relies on illumination map estimation with the structure known prior to enhancing
low-light images [42]. Subsequently, BM3D is used for denoising with postprocessing.
However, due to less reliance on the reflectance map, amplified noise results in low-contrast
regions of the image.

Deep-learning-based models rely on the feature extraction and representation capabil-
ities of convolutional neural networks (CNNs) to enhance low-light images. LLNet was
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proposed as a stacked autoencoder framework for jointly performing the task of low-light
image enhancement and denoising of grayscale images [43]. Based on the retinex model,
LightenNet relies on enhancing the illumination map to obtain a natural-looking enhanced
image with better detail [44]. RetinexNet estimates both reflectance and illumination maps
using two CNNs that decompose an image into reflectance and illumination maps, fol-
lowed by enhancement of the illumination map while denoising the reflectance map [45].
MBLLEN utilizes multiple branches across different feature scales, subsequently enhancing
and fusing these features to generate enhanced images [46]. DeepFuse images captured at
multiple exposure levels are fused to generate well-lit images [47]. While deep-learning-
based methods represent the current state of the art, paired data sets representing low
illumination and well-lit conditions for a particular scene are required for training. Ad-
ditionally, a collection of such data sets is logistically expensive. Thus, to overcome the
reliance on paired training samples, EnlightenGAN [48] and Low-LightGAN [49] utilize
generative adversarial networks (GANSs) to generate paired data sets without explicitly
constructing such data sets. A more recent model, DALE, relies on a visual attention
module to identify dark regions and uses these regions to estimate visual attention [50].

As illumination variations affect the performance of perception tasks in visual SLAM,
contrast enhancement was employed to improve the detection and matching of feature
points [51]. The color space conversion and guided filter-based method was introduced
to extract illumination-insensitive feature points [52]. However, these mathematically
predefined methods are not scalable for diverse illumination environments. Deep-learning-
based LLIE methods, which have been shown to outperform traditional methods [53,54],
have been increasingly adopted to visual SLAM [55-57]. Therefore, in this paper, mod-
ern deep-learning-based LLIE methods are experimentally investigated to enhance the
visual SLAM-based construction mapping approach, concerning the illumination-variant
conditions at planetary worksites.

3. Robotic Construction Mapping Approach

The 3D robotic mapping approach is designed to build a highly detailed 3D point-
cloud map for construction purposes. Different from planetary exploration into unknown
environments during a mission, planetary construction requires a rover to traverse within
a limited extent of a worksite. In planetary construction, rovers are required to revisit the
same site multiple times. However, uniform illumination conditions are not guaranteed
because viewpoints and solar altitudes are different for each visit to the worksite. Thus, the
visual SLAM technique with the LLIE method is designed to create a 3D dense point-cloud
map, ensuring a perceptually color-consistent representation of the test site.

A 3D robotic mapping approach, an extension of the visual stereo SLAM-based robotic
mapping method [58], was designed in response to construction mapping requirements.
The proposed method adopts stereo parallel tracking and mapping (S-PTAM) [59] as the
base SLAM framework, to which the dense mapping and LLIE methods are combined to
enhance construction mapping capabilities. The proposed method consists of three threads:
preprocessing, mapping, and localization (Figure 2). In the preprocessing thread, the
deep-learning-based LLIE method is selectively applied to stereo images from the robotic
mapping system. The images obtained under varying illumination conditions are enhanced
without oversaturating, contrasting, or stylizing the image. The LLIE method leverages
feature extraction and matching correspondences between stereo images. Because the
training data set for planetary terrain is not typically available, the deep learning model is
trained based on a subset of planetary terrain images. Furthermore, the enhanced image
set is used to train the disparity estimation deep network [60], and the disparity map is
then created for localization and dense mapping threads.
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Stereo Image

<Preprocessing>

Self-supervised
Stereo CNN Training

Low Light Image Enhancement

Figure 2. Conceptual process of the robotic construction mapping method.

In the localization thread, the camera trajectory relies on the quality and quantity of
feature matches between stereo pairs. In the feature-matching procedure, the disparity map,
along with the nearest neighbor distance ratio (NNDR) constraint, is used as an additional
constraint to increase feature matching concerning homogeneous planetary terrains. In
the first sequence, the camera pose, which is estimated by matching correspondences
between the terrain features and identical features, is set up as an origin. The sequent stereo
pairs are selected as a keyframe if the feature-matching number is less than 90% of that in
the previous keyframe. When the threshold is satisfied, the camera pose is sequentially
updated through triangulation between the feature matches of neighboring keyframes.
These keyframes are stored in the stereo keyframe database. For local adjustment of the
camera trajectory from the beginning, the bundle adjustment is repeatedly used to refine
the estimated camera pose. However, the locational error is inevitably accumulated and
propagated into the camera trajectory. It is necessary to recognize the already-visited place
for the global adjustment of the camera trajectory. Loop closure detection with 3D points
from the disparity map is used for global adjustment of the camera trajectory using the
graph optimization process.

In the mapping thread, the disparity map is the basis for creating a dense 3D point
cloud. However, an error in disparity values, which is caused by homogeneous (or tex-
tureless) terrains, is another concern for creating accurate point clouds. The structural
dissimilarity (DSSIM) threshold [61] is used to examine a pixel-wise correspondence be-
tween stereo pairs. The estimated disparity with DSSIM below the predefined threshold
is mapped to the 3D point cloud. In addition, the 3D point cloud from each image frame
is referenced in the local coordinate system. As the accuracy of stereo depth estimation
reduces at a longer distance, only points with a distance of less than 20 m are reprojected
and mapped.

All point clouds from every key frame are reprojected at a reference coordinate system
from the first frame in the image sequence. Additionally, a 3D grid with a predefined
resolution is used to register and manage 3D points. To manage a 3D point-cloud map
effectively, the 3D space is divided into a set of 3D grids with a predefined resolution.
Specifically, each of the image points reprojected onto the 3D space, carrying the RGB pixel
color information, are registered into the nearest grid in the 3D coordinate. Multiple points
originating from images at various timesteps can land on the same grid. Grids with the
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number of points less than the predefined threshold are considered noisy measurements to
be filtered out and recorded as unoccupied.

In addition, the number of reprojected points from each image frame can reach the
order of 100,000. The 3D grid helps in limiting memory usage. In the implementation, the
grid size was 2 x 2 x 2 cm?, and the minimal number of points in each grid was 5. The
RGB color associated with the grid was computed simply as the mean RGB values of the
contained points. Then, for each 3D grid, the associated occupancy and color information
were updated at every timestep. Application of the LLIE method at the initial stage helps
in providing consistent RGB color information across multiple frames over a long period
of mapping.

4. Experiments and Results
4.1. Overview

The proposed approach in Section 3 is applied to the emulated planetary worksite (test
site, hereinafter). To simulate the robotic mapping process, the robotic mapping system
collects terrain images to build a point-cloud map depicting the entire test site in Section 4.2.
Although all terrain images were taken during the day, changes in lighting conditions
caused the point clouds to have inconsistent color properties. The topographic aspects of
the test site are not clearly distinguished. Therefore, in the experiments, the deep-learning-
based LLIE methods are examined and selected to enhance the terrain images in Section 4.3.
The proposed mapping method combined with the selected LLIE method is used to create
the 3D point-cloud map for construction purposes. Additionally, for comparison purposes,
the visibility and the accuracy of the point-cloud maps based on original and enhanced
images (hereinafter referred to as original and enhanced point-cloud maps, respectively)
are assessed in Section 4.4.

4.2. Robotic Mapping System and Test Site

The robotic mapping system employed in this research is a four-wheeled mobile
platform with payloads consisting of a stereo camera system and a Wi-Fi router (Figure 3).
The stereo camera system has a 20 cm baseline, from which 15 stereo image frames with
a 484 x 366 resolution are collected per second while the mapping system is moving. A
camera mast with manual pan and tilt capabilities is ideal for effectively collecting terrain
images, minimizing the rover’s motions. The pan axis can rotate & 180" from the center,
and the tilt axis range is & 45°. Additionally, with the Wi-Fi-enabled router, the rover
and its camera system can be remotely operated to simulate the planetary construction
mapping process.

A Tilt (-180°~180°)
Stereo Camera —» §
Pan (-45°~ 45°)

Figure 3. Robotic mapping system.
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In planetary construction, flat areas with sparse rock distribution are likely to be con-
struction candidate sites due to their topographic and geotechnical feasibility to strengthen
the foundation and stabilize the surface [62,63]. The field test site, which is located at the
Korea Research Institute of Civil Engineering and Building Technology (KICT) (Figure 4),
is designed for robotic mapping systems to simulate a construction mapping process. The
dimensions are 40 m x 50 m, and rounded-pile and hollowed-out areas of different sizes
are distributed over a flat ground with few rocks. In the experiment, the robotic mapping
system slowly traversed the entire test site from noon to late afternoon, occasionally stop-
ping to recognize the current location and find a path to the next terrain feature. In the
robotic operation, major terrain features (e.g., rock, crater, and mound) were repeatedly
visited from different angles and positions. In the following sections, the terrain image set
from the mapping system was used to experimentally select the LLIE method and to create
the 3D point-cloud map of the test site.

Figure 4. Emulated planetary worksite (test site).

4.3. Image Enhancement under Varying Illumination Conditions

In the experiment, six different LLIE methods (RetinexNet, DALE, DLN, DSLR, GLAD,
KinD) were initially selected and trained on the LOL data set [45]. The LLIE methods
were sequentially fine-tuned using 440 image pairs from an emulated terrain in the indoor
laboratory, where diverse illumination conditions from a bright level to a dark level could
be manually adjusted [64]. Another 60 images were used to validate the LLIE methods.
The proposed approach was implemented using Python due to the easy integration of
deep learning models. The computation time per image frame was approximately 0.2 s on
the graphics processing unit (RTX 3070). Specifically, 0.1 s was used to perform the image
enhancement procedure on both stereo image inputs and another 0.1 s for visual tracking
with AKAZE [65].

To determine the robust LLIE method, four terrain images under different illumination
conditions were obtained from the test site. As cloud coverage and solar altitude contin-
uously change, the terrain images in Figure 5 have a different magnitude of brightness
and color property. In Figure 5a, the terrain image was taken under clear sky at noon, in
which the rock has a bright color with a shadow. However, the image quality depends on
the cloud coverage that reflects the sunlight. In Figure 5b,c, the terrain images become
incrementally darker as the cloud coverage increases. In addition, the low solar altitude in
the late afternoon caused the onboard camera to become underexposed. The terrain image
in Figure 5d consequently has the lowest brightness compared to the other images, with
the entire visual content degraded and the mound in the background hardly discernible.
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(d)

Figure 5. Terrain images with decreasing illumination conditions (a—d): (a) bright condition with clear

sky at noon; (b) overcast condition, partly cloudy in the afternoon; (c) overcast condition with full
cloud coverage in the afternoon; (d) darkest condition with low solar altitude in the late afternoon.

To ensure the image enhancement results from the darkest condition in the image
set, the LLIE methods were applied to the terrain image in Figure 5d. The image enhance-
ment results were then evaluated quantitatively and qualitatively, as shown in Table 1
and Figure 6 respectively. In Table 1, Naturalness Image Quality Evaluator (NIQE) [66]
and Blind /Referenceless Image Spatial Quality Evaluator (BRISQUE) [67], which are no-
reference image evaluation metrics, are used to quantify the enhanced image qualities.
NIQE measures the distance between the multivariate Gaussian model of the natural im-
age and the test image. Additionally, BRIQUE evaluates the test image based on natural
scene statistics. A smaller score from both NIQE and BRISQUE indicates better visually
perceptual quality. Table 1 shows that GLAD is the best method from both evaluation
metrics. However, in some cases, different evaluation metrics assign a different score to the
same LLIE method in that each metric evaluates different aspects of the enhanced image.
For example, NIQE indicates that DLN and Kind achieve the second and third best scores,
respectively. However, the second and third best scores in BRISQUE are achieved by DSLR
and DLN, respectively.

Table 1. Performance of different models on dark images.

LLIE methods NIQE BRISQUE
RetinexNet 5.48 67.40
DALE 8.40 65.56
DLN 4.27 55.74
DSLR 5.07 52.38
GLAD 3.82 45.33
KinD 4.67 60.60
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(b)

(d)

()

Figure 6. Darkest image enhancement results in the test image in Figure 5d: (a) RetinexNet; (b) DALE;
(c) DLN; (d) DSLR; (e) GLAD; (f) KinD.

These evaluation metric scores are not completely consistent with subjective human
perception; thus, the image enhancement results in Figure 6 is visually inspected. In
Figure 6a, RetinexNet severely stylizes and distorts the colors of the terrain features in
the image. DSLR in Figure 6 has the second highest score in BRISQUE, but random
and gridding artifacts are introduced within the image. Additionally, the entire image is
oversmoothed, which causes a loss of detail, especially for the gravels on the mound. In
Figure 6d, DALE reveals chromatic distortion surrounding the different artifacts. KinD in
Figure 6f improved the contrast, but visible color distortion is shown in the lower part of
the mound. Overall, GLAD (Figure 6e) and DLN (Figure 6¢c) improved the brightness the
best, maintaining clarity and color in the darkest conditions in Figure 5.

A second experiment was conducted to ensure consistent color restorations over the
terrain images with a different degree of brightness (Figure 5). GLAD and DLN were
selected from the first experiment due to their quantitatively and qualitatively stable per-
formances. Additionally, the image brightness is increased without severely degrading the
image quality. Figure 7 shows the image enhancement results from the four terrain images
in Figure 5. In Figure 7a, DLN generates slightly overexposed images but blurs the extent
of terrain features such as gravel, rock, and mound. Additionally, the different brightness
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is obviously observed when the first and last images are compared. However, in Figure 7b,
GLAD tends to demonstrate consistent color enhancement over all images, maintaining
the image quality. Additionally, the features in each image can be clearly identified in
comparison to those in the DLN-enhanced images. Therefore, GLAD is eventually selected
for enhancing the entire terrain image frames from the robotic mapping system.

(b)

Figure 7. Image enhancement results over the test images in Figure 5: (a) DLN; (b) GLAD.

4.4. Robotic Mapping Results

Similar to construction on Earth, the first phase in planetary construction is site
preparation. The teleoperated construction robots are then employed to clear and grade
the ground before emplacing infrastructure such as roads, landing pads, and ISRU utilities.
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Therefore, to understand the terrain morphological characteristics of the worksite, on-site
robotic mapping is essential to create a highly detailed and accurate point-cloud map.

The proposed mapping method sequentially involved enhanced image pairs from
GLAD. Three-dimensional (3D) point clouds were then generated along the rover trajectory,
by which the test site in Figure 8 was reconstructed as a mapping result. In Figure 9, the
original and enhanced point-cloud maps are shown for comparison purposes. Multiple
circles in both point-cloud maps are blind spots that were inevitably made when the
rover-mounted camera was fully rotated. Additionally, to build the point-cloud map, the
rover slowly traversed around the entire test site, repeatedly visiting the same locations.
Terrain images were continuously influenced by changes in cloud coverage and solar
altitude from noon to late afternoon. Therefore, in Figure 9a, the original point-cloud map
consequently has the mixed nature of colors from beige to dark gray. However, in Figure 9),
the LLIE method visually improved the original terrain images to have relatively brighter
and more consistent colors irrespective of the illumination condition changes. Shapes and
distributions of terrain features (e.g., mound, crater) and obstacles (e.g., rock) are easily
identified in the enhanced point-cloud map.

S0m

40m

I: Rock

II: Stone-pile
III: Crater
IV: Mound

Figure 8. Aerial photo of the test site.

(@) (b)

Figure 9. Robotic mapping results to terrain images from the robotic mapping system: (a) original

point-cloud map; (b) enhanced point-cloud map.
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In Figures 10 and 11, point clouds of the rock, stone pile, crater, and mound in
both point-cloud maps are selected for visual inspection, each of which is indexed in
Figures 8 and 9. In the robotic mapping process, images of the same feature were taken
from different angles and distances. Point clouds are repeatedly created, blurring the
outlines of the terrain features. Therefore, even though images were obtained in better
lighting conditions, small features (e.g., pebble and stone) in all point clouds are hardly
discernible in Figures 10 and 11. However, in Figure 10, the perceptual appearance of
terrain features is degraded by the dark colors of the point clouds. Images of the stone
pile were taken under partial or full cloud coverage, and therefore, its appearance has
distorted color properties with indistinct outlines. Furthermore, the mound has an empty
space on the top due to the lower height of the rover-mounted camera system. Although
prior knowledge is given from the terrain image, the defects in point clouds make it more
difficult to identify the mound from the background. In contrast, Figure 11 shows that the
overall qualities of the point clouds are significantly improved, especially for the stone
pile and the mound. The rock, stone pile, and crater still have blurred outlines, but the
enhanced image set creates point clouds closer to their natural appearances, preserving
inherent colors and details. Additionally, for the mound, the brightness of the point clouds
is enhanced while restoring the colors from dark gray to beige. The visual perception is
much improved when the mounds in Figures 10 and 11 are compared to each other.

Figure 10. Terrain features selected from original point cloud in Figure 9.

Accuracy assessment was conducted to investigate the influence of the enhanced
images on the quality of the point-cloud map. Terrestrial LIDAR (Trimble X7) was employed
to obtain the point cloud as a reference, to which the iterative closest point (ICP) was used
to optimally align the point-cloud maps in Figure 9. The root mean square error (RMSE)
measurements for the original and enhanced point-cloud maps are 0.29 m and 0.25 m,
respectively. As the test site has a flat and smooth surface, the enhanced image set does
not lead to a significant reduction in RMSE measurements. To rigorously analyze the
positional errors, the positional error distribution is geographically represented along with
the positional error histogram in Figure 12. The color index, ranging from blue to yellow-
green, represents the magnitude of positional errors along the x-axis of the histogram.
Generally, positional errors in both point-cloud maps are not uniformly distributed over
the test site. As the robotic mapping system mostly moved around the center of the test
site, positional errors in the marginal areas are often larger than the central area. However,
when the positional error distributions and histograms in Figure 12a,b are compared, the
enhanced point-cloud map has a larger blue extent, and its histogram has a narrower width.
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Accuracy assessment results indicate that the enhanced image set increases the overall
accuracy of the original point clouds.

Figure 11. Terrain features selected from the enhanced point-cloud maps in Figure 9

0% 05 0’ 1 15 185
Positional error
a)

Count

Count

(
s 05 0% i 1.5

Positional error
(b)

Figure 12. Positional error histogram (left) and positional error distribution over the test site (right).
Identical color index is used to represent a magnitude of positional errors in the original and enhanced

point-cloud maps: (a) positional errors in the original point-cloud map; (b) positional errors in the
enhanced point-cloud map.
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5. Discussion and Conclusions

Many space agencies worldwide have renewed their planetary exploration roadmap to
return humans to the surfaces of the Moon and Mars. Numerous ideas and proposals have
been presented to build a planetary base for sustained human exploration and habitation.
Planetary construction implies that various types of construction robots will repeatedly
visit the same worksite to perform complex tasks such as excavation, grading, leveling, and
additive construction. These robotic construction operations solely rely on images from the
onboard camera system. However, illumination conditions may vary for each visit due to
illumination-variant conditions such as solar altitudes and different weather, especially for
Mars. The inconsistent color property of images hampers the ability to recognize terrain
features, even at the returned location. Additionally, in the unknown environments of
worksites, prior knowledge of detailed topographic information is essential for construction
planning and management. It is critical to ensure that images from robots are maintained
in bright and consistent colors despite continually changing illumination conditions.

The proposed robotic mapping approach for planetary construction aims to build a
3D dense point-cloud map that depicts the worksite with perceptually color-consistent
properties. In the proposed approach, the stereo SLAM-based robotic mapping method,
which is based on S-PTAM, is combined with the LLIE method to enhance mapping
capabilities. The robotic mapping system, which was deployed at the emulated planetary
worksite, collected terrain images in a topographic surveying manner. All terrain images
were collected during the daytime from noon to late afternoon. However, changes in
weather and solar altitude resulted in the terrain images having inconsistent colors and
consequently affected the point-cloud map. Dark point clouds hid many terrain features
of interest, making it difficult to understand the topographic properties of the test site.
Therefore, the deep-learning-based LLIE method was experimentally selected, enabling the
original terrain images to have structural consistency with improved brightness and color.
The enhanced point-cloud map was then created and compared with the original point-
cloud map. The experiment results indicate that the robotic mapping method leverages
the LLIE method to improve the visibility and the overall accuracy of the original point-
cloud map. The brightness of the original point-cloud map was significantly improved,
preserving inherent colors and details. Additionally, the point-cloud map became closer to
the natural appearance of the test site.

The proposed approach shows promising results for planetary construction mapping.
Additionally, color restoration and consistent imagery have potential for use in scientific
investigations, such as geologic mapping. However, path planning, along with global
localization, is another concern to minimize robot motions for efficient mapping and
to historically align updated mapping results for construction monitoring. In addition,
technical constraints still remain for implementation. In the planetary construction process,
humans and robots are required to repetitively visit the worksite. The terrain image set
is then accumulated to fine-tune the LLIE methods for future robots. However, the LLIE
method in the proposed approach requires robots to use a large image set for training
purposes. Additionally, during mapping, a disparity map is computed at a high frame
rate. Heavy computation and a large data set pose great challenges to its application. The
proposed approach should be adjusted to be more lightweight and optimized with respect
to technical progress on the mechanical and hardware components of future planetary
construction robots.
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Abstract: Lunar global mapping products provide a solid data foundation for lunar scientific research
and exploration. As the widespread geometric inconsistencies among multi-source mapping products
seriously affect the synergistic use of the products, high-precision registration of multiple lunar global
products is critical, and it is highly challenging due to large coverage and complex local geometric
inconsistencies. In this research, we propose a spherical triangular-mesh-based method for high-
precision registration of lunar global mapping products, which involves four steps: data preprocessing,
feature point extraction and matching, spherical Delaunay triangulation, and geometric correction with
spherical barycentric coordinates. This global registration method avoids map projection distortions
by using spherical coordinates directly, and achieves high precision by confining the geometric models
to spherical triangular facets. Experiments are conducted using two groups of different types of
mapping products to verify the proposed method quantitatively and qualitatively. The results show
that the geometric inconsistencies are reduced from hundreds of pixels to sub-pixel level globally after
the registration, demonstrating the effectiveness of the proposed method.

Keywords: lunar global mapping products; registration; spherical triangular mesh; spherical barycen-
tric coordinates

1. Introduction

Since the late 1950s, over a hundred lunar exploration missions have been carried out,
from which massive data have been acquired by multiple sensors, such as cameras, spec-
trometers, laser altimeters, etc. The multi-source data and derived mapping products have
greatly contributed to studies of the topography, geomorphology, mineralogy, and geologic
evolution of the Moon. Particularly, various types of lunar global mapping products, which
are essential for lunar global analyses, have been produced based on orbital data and pho-
togrammetry and remote sensing technologies. For example, the U.S. Clementine mission
acquired topographic data and multispectral imagery covering almost the entire Moon for
the first time, from which lunar basemaps were produced [1-3]. These maps were later
spatially registered to the Unified Lunar Control Network 2005 (ULCN2005) [4,5]. Based on
the images obtained by the Wide-Angle Camera onboard the Lunar Reconnaissance Orbiter,
a digital elevation model (DEM) covering the region between 79°N and 79°S and a global
digital orthophoto mosaic (100 m/pixel) were produced [6-8]. Haruyama et al. [9] used
data acquired from the SELENE Terrain Camera (TC) and Multi-band Imager (MI) from the
JAXA SELENE/Kaguya mission to produce five lunar mosaic mapping products, namely
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TCOrtho_ MAP, DTM_MAP, TC_Morning MAP, and SLDEM. In addition, 59 m/pixel of
multispectral mosaic products covering the region between 50°N and 50°S were created
from the topographically corrected MI reflectance data [10,11]. Li et al. used Chang’E-1
(CE-1) three line-array image data and laser altimeter data to produce a lunar global digital
topographic product (CE1TMap2009), including the 120 m/pixel digital orthophoto map
(DOM) CE1_TMap_GDOM_120m, 500 m/pixel DEM CE1_TMap_GDEM_500m [12], and
3000 m/pixel DEM CE1_TMap_GDEM_3000m [13]. A new global lunar topographic prod-
uct CE2TMap2015 (including DOM and DEM) was produced with different resolutions of
7 m, 20 m, and 50 m based on Chang’E-2 (CE-2) stereo images [14].

Based on lunar global mapping products from multiple sources, the advantages of
different mapping products can be combined and fully utilized to provide a solid data
foundation for lunar scientific research and exploration. However, varying degrees of
geometric inconsistencies among lunar global mapping products from multiple sources
widely exist [13,15,16]. This is due to the uncertainties in positions and attitudes of the
different sensors onboard different orbiters or the same sensor at different times, and the
differences in data processing and map production methods [17]. Geometric inconsistency
seriously restricts the comparative study and synergistic use of lunar global mapping
products; therefore, it is a prerequisite to accurately register these mapping products to the
same reference before further exploitation [18]. Unlike local products, global products cover
a wide range, and the map projection of a global product can have different distortions in
different regions, which brings difficulties for global registration. Moreover, transformation
models of traditional registration methods usually fail because global mapping products
typically exhibit varying degrees of geometric inconsistencies in different local regions.
Hence, it is challenging to register lunar global mapping products with high precision.

Kirk et al. [18] elucidated the significance of unifying the current lunar data, and
presented the processing principles of how to register datasets to a common reference
frame or to each other. Many studies have been performed for lunar local data registration.
For example, Wu et al. [19] proposed a multi-feature-based surface matching method for the
co-registration of multi-source lunar DEMs to produce high-precision lunar topographic
models; For the co-registration between lunar orbital imagery and reference DEM, a pixel-
based matching method considering both geometric and photometric information was
developed by Xin et al. [20]. However, no result about lunar global mapping product
registration has been reported as far as we know.

In the field of remote sensing, image registration has been extensively studied over
the past few decades. Registration methods can be broadly divided into area-based and
feature-based methods [21]. Compared with area-based algorithms, feature-based methods
have the advantage of reducing computational cost, especially in the case of complex
deformation [22]. Therefore, in this paper, we adopt feature-based methods to solve the
lunar global mapping product registration problem. Feature detection and matching, trans-
formation model establishment, image resampling, and registration accuracy assessment
are the basic steps of feature-based methods. The first two steps play the most important
role in the accuracy of image registration. During the past decades, most of the research
has focused on feature detection and matching. The traditional local invariant features,
such as scale-invariant feature transform (SIFT) [23], affine-SIFT (ASIFT) [24], speeded-up
robust feature (SURF) [25], and so on have been widely used for the matching of remote
sensing images. For multimodal remote sensing image registration, the most direct strategy
achieves feature detection and description by directly modifying off-the-shelf methods,
such as uniform robust SIFT (UR-SIFT) [26], scale restrict (SR-SIFT) [27], uniform nonlinear
diffusion-based Harris (UND-Harris) [28], and so on. A growing number of studies are
focusing on designing valid descriptors to construct more reliable feature matches so that
transformation parameters can be estimated correctly, such as multiscale self-similarities
(MSS) [29], distinctive order-based self-similarity descriptor (DOBSS) [30], rank-based local
self-similarity (RLSS) [31], histogram of orientated phase congruency (HOPC) [32], channel
feature of oriented gradient (CFOG) [33], guided local outlier factor (GLOF) [34], and
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advanced neighborhood topology consensus (ANTC) [35]. Deep-learning-based feature
extraction methods have been developed recently, e.g., Li et al. [36] introduced a multi-task
feature extraction network and self-supervised feature points. With feature points obtained,
a transformation model such as affine [37], polynomial [38,39], projective [40], and so on
can be estimated. The transformation model used in image registration can either be a
global transformation or a local transformation. Most of the existing image registration
research adopts the global transformation model [41,42], which usually ignores the local
geometric deformation between images. Especially for images with wide coverage, large
terrain variation, or complicated geometrical inconsistency, local geometric deformation
cannot be effectively corrected by a global transformation model. In this case, researchers
have studied the problem of complex local deformation and proposed some local trans-
formation models to improve the accuracy of registration, e.g., piecewise linear model
(PWLM) [43-46], local weighted mean method [47], thin plate spline [48-50], multiquadric
functions [51], and as-projective-as-possible algorithm [52]. A few works on complex local
registration in the remote sensing field have been reported, among which a triangular
irregular network (TIN)-based method is most commonly used [53-59]. It first triangulates
the image into 2D triangular facets using the Delaunay triangulation method [60] based
on a control point set (the control points and their correspondences are given), and then
the local transformation model within every triangular facet is estimated and applied for
precise registration. The local transformation model adopted in this method is usually a 2D
affine transformation model.

In this work, we propose a spherical triangular-mesh-based registration method as a
solution to high-precision registration of lunar global mapping products. By combining the
dense spherical triangular mesh and the accurate local transformation model of spherical
barycentric coordinates, the proposed method overcomes the difficulties of accurate regis-
tration for lunar global products caused by the complex projection transformation and local
geometric inconsistency. The remainder of this paper is organized as follows. Section 2
introduces the spherical triangular-mesh-based method in detail. Experimental data and
results are presented in Section 3. The conclusions and discussions are given in Section 4.

2. Methodology

Figure 1 shows the flowchart of the proposed spherical triangular-mesh-based method,
which consists of four major steps; namely, data preprocessing, feature point extraction
and matching, spherical Delaunay triangulation, and geometric correction with spherical
barycentric coordinates. The technical details are elucidated in the following sub-sections.

2.1. Data Preprocessing

The Moon 2000 planetocentric coordinate system was selected as the spatial reference
system in our research as it is most widely used and is convenient for lunar global analysis.
If the lunar global mapping products to be processed are not in the Moon 2000 coordinate
system, they should first be converted to the Moon 2000 system with longitude and latitude as
the unit. After unifying the coordinate system, we subdivide each product into regular blocks
in longitude and latitude for efficient handling of large data. In order to avoid resolution loss,
there is usually a large amount of redundancy (repeated pixels) in high latitudes in the image
files stored in the spherical coordinate system, which will cause difficulties in feature point
extraction. Thus, blocks at high latitudes need to be converted to the projected coordinate
system (i.e., polar stereographic projection). This map projection process is only used to
facilitate feature point extraction and matching. The subsequent Delaunay triangulation and
geometric correction are all realized in the spherical coordinate system.

Additionally, when registering two global DEMs or a DEM to lunar imagery, we use the
hillshading technique to generate simulated imagery of DEM data [16,20]. The simulated
image is a gray-scale representation of the terrain surface under a certain illumination
condition (i.e., azimuth and elevation of the Sun), and is similar to a real lunar image.
The 3D-3D or 3D-2D matching is then transferred into the 2D-2D matching based on the
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simulated imagery. We have developed a software tool to create simulated images of DEM
data for batch processing based on the hillshading technique and GDAL (Geospatial Data
Abstraction Library) open-source library. The solar azimuth angle and solar altitude angle
of reference and source DEM data need to be set to be the same, and the default values are
315° and 45°, respectively.

v v

/ Reference products / / Source products /;

}

Unifying coordinate system to Moon2000 |

|

Image subdivision and simulation

/ Image blocks /
Data Preprocessing

| Feature point extraction and matching by CFOG/ASIFT |

)

| Outliers elimination by RANSAC |

!

Selection of evenly distributed control points |

Feature Point Extraction and Matching

barycentric coordinates

v

| Resampling |
Geometric Correction l_

/ Registered source products /

l

C =

Figure 1. Overall flowchart of the proposed method.

| Spherical facet geometric correction based on spherical |

2.2. Feature Point Extraction and Matching

We chose the ASIFT algorithm [24] to extract and match the feature points of DEM
simulated images under the same illumination condition. As a variant of SIFT, ASIFT is not
only invariant to scale, rotation, and translation, but also invariant to affine transformation.
A comparative study has shown that ASIFT outperforms SIFT and SURF in terms of more
keypoints and fewer mismatches [61]. A two-resolution scheme further reduces the ASIFT
complexity to about twice that of SIFT [24]. In this study, an open-source web code [62]
developed by Yu and Morel [63] was used to extract and match the feature points on the
simulated images in corresponding blocks.

A fast and robust matching for multimodal remote sensing images proposed by
Ye et al. [33] was also adopted in this research, and the software package can be down-
loaded from the GitHub website [64]. This method first extracts the channel feature of
orientated gradient (CFOG) of each pixel to generate the feature representation for each
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pixel. A similarity measure based on the feature representation is then established in the
frequency domain to accelerate the image matching. Subsequently, corresponding feature
points between images are detected in a template matching manner.

The random sample consensus (RANSAC) [65] algorithm is used to eliminate mis-
matches in both of the two methods. Moreover, for lunar global mapping product registra-
tion with complex geometric inconsistency, even distribution of control points covering
every possible local deformation region is critical. In order to obtain evenly distributed tie
points to ensure the uniformity of the spherical triangular mesh, the redundant points are
removed from the set of tie points. For this purpose, each block is divided into dense grids,
where the point closest to the center of the grid is retained as the control point to construct
the spherical triangulation if multiple points exist in a grid.

The settings in the feature point extraction and matching step include search radius
(e.g., 100 pixels), template radius (e.g., 100 pixels), grid number (e.g., 225), error elimination
threshold (e.g., 2.5 pixels), and so on, which can be set and modified flexibly according to
the reference and source data.

2.3. Spherical Delaunay Triangulation

The construction of a spherical Delaunay triangulation network is an extension of the
traditional 2D Delaunay triangulation network. The rules for constructing the 2D Delaunay
triangulation are (1) the 2D Delaunay triangulation is unique, and the circumcircle of
any triangle does not contain any fourth point; (2) among all possible triangulations, the
smallest angle of the Delaunay triangle is the largest.

Specifically, the rules mean that after the diagonals of the convex quadrilateral formed
by two adjacent triangles are exchanged with each other, the minimum angle of the six new
internal angles no longer increases. By extending the criteria of 2D Delaunay triangulation
to the sphere, the following rules [66] can be obtained: (1) the inferior arc surface stretched
by the circumscribed circle of any spherical triangle contains no other point; that is, the
center of the sphere and all other points are located on the same side of the plane of the
triangle; (2) the minimum of the six new interior angles of two adjacent spherical triangles
does not increase after their diagonals are swapped.

In this paper, the incremental algorithm is used to generate the spherical Delaunay tri-
angulation. The algorithm was first proposed by Lawson [67] and improved by Bowyer [68].
Renka [69] then proposed a spherical Delaunay triangulation algorithm based on the incre-
mental algorithm. The open-source code for this incremental algorithm is available on the
GitHub website [70]. The basic steps of the algorithm are as follows.

(1) The convex hull H of the spherical scatter point set V is established to enclose all the
data points. A convex hull is a minimum convex polyhedron containing a series of
known vertices in spatial geometry. In this algorithm, the convex hull consists of eight
triangular faces determined by six vertices.

(2)  Find the spherical triangle T that contains the insertion point P in the constructed
convex hull H or triangulation network. T is then triangulated by connecting the
insertion point P to the three vertices of T to form three new spherical triangles.

(3) Alocal optimization process (LOP) is used to optimize the triangle triangulation; that
is, by exchanging diagonals to ensure that the triangle formed is a Delaunay triangle.

(4) Repeat (2) and (3) until the last point has been inserted.

2.4. Spherical Geometric Correction Based on Spherical Barycentric Coordinates

A barycentric coordinate is a special local coordinate, which takes the vertices of a
polygon as the reference points to locate an arbitrary point inside the polygon. Barycentric
coordinates are widely used in computer graphics and other fields for their excellent char-
acteristics such as normality, linear reconstruction, and affine invariance. In this research,
we apply the barycentric coordinates to the deformation of spherical triangular facets.

Barycentric coordinates were first introduced by Moébius [71]. Let T be a triangle
with vertices (v;);_; ,5. The position of any point v inside the triangle T on the plane
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[E? can be obtained by taking an adequately weighted sum of the three vertices. These
three weight coefficients A;(v, T);_; , 5 are the barycentric coordinates of the point v in the
reference triangle, and the barycentric coordinates are continuous functions that satisfy the
following properties.

Vi A0, T) >0 (1)
Y Ao, T) =1; 2
Y Ai(o, T)v; = o. 3)

Mobius [72] first extended the concept of barycentric coordinates from a plane to a
sphere. Similar to the barycentric coordinates of a planar triangle, the spherical barycentric
coordinates represent the position of arbitrary point v on a sphere relative to the three vertices
of a reference spherical triangle P. Previous studies [73,74] have shown that, unlike planar
triangles, it is impossible for the barycentric coordinates of any point on a spherical triangle
to satisfy properties (1), (2), and (3) at the same time. Specifically, properties (2) and (3) are
contradictory to each other on spheres. Property (2) satisfies the request that any point v
represented by the barycentric coordinates be located in a plane, whereas the property (3)
demands that the point v be located on a spherical surface rather than a plane. Consequently,
to use the barycentric approach as a solution to the spherical problem, it is essential to relax
the above properties to obtain the spherical barycentric coordinates. Alfeld et al. [75] and
Langer et al. [74] strictly retained property (3), but relaxed property (2) to

Y. Ai(wP) > 1; (4)

This is because their main goal was to define curves and surfaces over the sphere. Lei
et al. [76] proposed an opposite strategy, which abandons the preservation of property
(3) but strictly preserves property (2), dedicated to constructing spherical grid systems.
For the problem to be solved in this paper, specifically referring to determining the new
position of the sphere point on the transformed sphere surface by the unique spherical
barycentric coordinates, it is essential to retain property (3). Hence, we follow the first
strategy, retaining property (3) and replacing property (2) with (4).

This paper follows the formula of spherical barycentric coordinates given by Alfeld et al. [75].
Once more, it is assumed that the vertices of a spherical triangle P are the points in the set
V = {v1,v2,v3}; let n; denote the unit normal vectors to the planes P; = span(V\{v;}),
i =1,2,3. For a point v € sphere S, let the angles «;, 3; be defined by the dot products

sina;*=v-n;,  sinpi=v;-n;, 1=1273. (5)

where «a; represent oriented angles between the vector v and the planes P;, while j3; are
the analogues angles between v; and P; (see Figure 2). For nontrivial spherical triangles,
sinB; # 0,1 = 1,2,3. The spherical barycentric coordinates of the point v € S with respect
to the triangle P are given by

sinw;

Ai(0) = gy 123 (6)
1

The main idea of geometric correction based on spherical barycentric coordinates is to
establish the transformation relationship between the source spherical triangle and the ref-
erence spherical triangle. The vertex of a spherical triangle P is denoted as V = {v1,v;,v3},
and the positions of each pixel v inside the spherical triangle are the spherical barycentric
coordinates A;(v, P). P is deformed to form a reference triangle P’ by moving the position of
the vertex, the source vertex V corresponds to the new reference vertex V' = {v1/, v/, v3'},
and the internal pixels also change accordingly. The position of each point v’ inside the P’
can be calculated using the spherical barycentric coordinates as follows.

o' =Y Ai(v,P)v),  i=1,2,3 )
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V2 ‘ ‘

Figure 2. Computing spherical barycentric coordinates by Equation (5).

The geometric correction is realized by calculating the transformed position of each
pixel of the source data using the above equation for each facet. The final product is
generated after resampling.

3. Experimental Results

We performed registration experiments to verify the performance of the proposed high-
precision registration method using four different lunar global mapping products; namely,
Moon Clementine UVVIS Warped Color Ratio Mosaic 200 m, CE1_TMap_GDOM_120m,
SLDEM?2015, and CE2TMap2015_DEM_20m. Two separate experiments were conducted to
evaluate registration of imagery products and registration of DEMs. In the first experiment,
Moon Clementine UVVIS Warped Color Ratio Mosaic 200 m was taken as the reference data
and the CE1_TMap_GDOM_120m was taken as source data to be registered to the reference
data. The data for the second experiment are both DEM products, with SLDEM2015 and
CE2TMap2015_DEM_20m as reference and source data, respectively.

3.1. Experimental Data

The Clementine Ultraviolet-Visible (UVVIS) warped color-ratio mineral map is a
false color band ratio image covering the global lunar surface and published by United
States Geological Survey (USGS) Astrogeology Science Center. It was generated from the
Clementine UVVIS mosaics using three spectral filters (central wavelengths of 415, 750, and
1000 nm) [77,78], and multispectral mosaics with highly accurate radiometric calibrations,
photometric corrections, and geodetical controls have been registered to ULCN2005 [4]. The
false color band ratio image is a composite image, including the ratio of the 750/415 nm
bands used for the red-channel brightness, 750/1000 nm for the green channel, and the
415/750 nm ratio for the blue channel. For detailed information on what color ratios
represent, please refer to Lucey et al. [79]. This global product with the spatial resolution of
200 m/pixel is available in GeoTIFF format at the USGS website [80]. Some small gaps in
the image are due to lack of coverage in one or more of the bands used in the color ratio.

CE1_TMap_GDOM_120m is a lunar global DOM made of images obtained by a stereo
camera with three-line CCDs onboard the CE-1. The intersection angles of the forward
and backward relative to the nadir images of the stereo camera are £16.7°. CE-1 has
an orbital altitude of about 200 km and an orbital inclination of nearly 90°. During the
flight around the Moon, the three-linear CCD stereo camera takes images in the linear
array push-broom way, with a spatial resolution of about 120 m and an image width of
about 60 km. The overlap rate of image data in adjacent orbits is more than 40%, and the
planimetric positioning accuracy is about 100 m~1.5 km [81]. Li et al. [12] processed the
image data according to the mapping specification, carried out photometric correction,
improved the consistency of the images, and finally produced a lunar global orthophoto
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map with a simple cylindrical projection and a spatial resolution of 120 m. The data are
provided by the Lunar and Planetary Data Release System [82].

SLDEM2015 is a near-global DEM product constructed by combining the altimeter data
from the Lunar Reconnaissance Orbiter Laser Altimeter (LOLA) and the DEM generated
by stereo images obtained by SELENE TC. Barker et al. [15] divided the SELENE DEM into
1° x 1° tiles, taking the LOLA point cloud data as reference. Each tile was then adjusted
by the tile-averaged transformation parameters (three translation parameters and two tilt
parameters) solved by a bounded downhill simplex minimization algorithm. The resultant
SLDEM?2015 combines the advantages of LOLA’s accurate reference geodetic framework
with the high resolution of the SELENE DEM. The SLDEM2015 covers the region between
60°N and 60°S, with a grid spacing of 512 pixels/degree (60 m/pixel at the equator) and
a typical vertical accuracy of 3 m—4 m. This DEM product is available for download in
GeoTIFF format from the USGS website [83].

CE2TMap2015_DEM_20m is a lunar global DEM, which is a major part of
CE2TMap2015 [14]. It was produced from stereo images obtained by the CE-2 stereo camera,
using the lunar surface positions of five laser ranging retro reflectors (LRRRs) (Apollo 11, Apollo
14, Apollo 15, Lunokhod 1, and Lunokhod 2) as the absolute control points to realize a seamless
mosaic and high-precision absolute positioning [14,84]. CE2TMap2015_DEM_20m has a reso-
lution of 20 m/pixel and 100% coverage of the Moon. It is the highest-resolution lunar global
DEM product ever published, and is available through the Lunar and Planetary Data Release
System [85]. This DEM product is organized in 188 subdivisions; each subdivision includes a
data file (GeoTTFF format), a coordinate information file (tfw), and a projection file (prj) of the
same name.

3.2. Data Preprocessing, Matching, and Spherical Delaunay Triangulation Results

In the data preprocessing step, the reference and source products were first divided
into regular blocks in longitude and latitude. Within the range of the latitude +-60°, Moon
Clementine UVVIS Warped Color Ratio Mosaic 200 m and CE1_TMap_GDOM_120m
were divided into 30° x 30° blocks, and SLDEM2015 and CE2TMap2015_DEM_20m were
divided into 5° x 5° blocks. For high latitudes and polar regions beyond the £60° area,
the products of the first experiment were converted into Moon stereoscopic north/south
pole projection and divided into 18 blocks with the same size.

In experiment 1, the multimodal remote sensing image matching method proposed
by Ye et al. [33] was used to match the feature points between corresponding reference
and source blocks. The ASIFT algorithm was used to extract and match the feature points
of DEM simulated images under the same illumination in experiment 2. The RANSAC
algorithm was used to eliminate mismatches in each block. Each block of experiment
1 and experiment 2 was then divided into 50 x 50 and 15 x 15 non-overlapping grids,
respectively, and the point closest to the center of each grid was reserved as the control
point of the subsequent construction of the triangulated network. Finally, 131,082 and
301,022 control points for experiment 1 and 2 were obtained, respectively. Figures 3 and 4
show the matching results of one typical block in each experiment.

We used the points of the reference image obtained above to construct the spherical
Delaunay triangulated network, and the results of experiment 1 are shown in Figure 5. The
numbers of spherical triangular facets in experiments 1 and 2 were 262,160 and 602,022,
respectively. The spherical Delaunay triangulated network constructed by the source image
is the same as that constructed by the reference image, with vertices being replaced by
the corresponding vertices in the source image. As a result, based on the corresponding
spherical triangular facets, the global registration problem is converted into the local
problem. Figure 5 takes experiment 1 as an example to show the results of spherical
Delaunay triangulation.
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© (d)

Figure 3. Examples of matching result of a 30° x 30° image block centered at (45°E, 45°N).
(a) Clementine UVVIS Warped Color Ratio Mosaic 200 m; (b) final control points (Clementine
UVVIS Warped Color Ratio Mosaic 200 m); (¢) CE1_TMap_GDOM_120m; (d) final control points
(CE1_TMap_GDOM_120m).

Figure 4. Examples of matching result of a 5° x 5° image block centered at (2.5°E, 22.5°N).
(a) SLDEM2015; (b) simulated image (SLDEM2015); (c) final control points (SLDEM2015);
(d) CE1_TMap_GDOM_120m; (e) simulated image (CE2TMap2015_DEM_20m); (f) final control
points (CE2TMap2015_DEM_20m).
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(@)

Figure 5. Spherical Delaunay triangulation result. (a) Global spherical Delaunay triangulation based
on control points from experiment 1; (b) enlarged view of the spherical Delaunay triangulation of
(a) centered at (45°E, 15°N) and a window size of 30° x 30°.

3.3. Registration Results and Analysis
3.3.1. Quantitative Analysis

In this subsection, a quantitative analysis was first conducted to evaluate the regis-
tration accuracy. A certain number of randomly distributed points were automatically
selected as the checkpoints to assess the geometric displacements before and after the
registration, and these checkpoints were selected from the redundant points removed from
the tie points set (after outlier elimination) in the matching step of the proposed method.
The number of checkpoints was 16,377 and 17,280 for the experiments 1 and 2, respectively.
The distribution of the checkpoints is shown in Figure 6.
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Figure 6. The distribution of the checkpoints matched from (a) Clementine UVVIS Warped Color
Ratio Mosaic 200 m and CE1_TMap_GDOM_120m; (b) SLDEM2015 and CE2TMap2015_DEM_20m.
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The geometric displacement, i.e., the planar residual, was evaluated based on the
difference in planetocentric coordinates of each checkpoint pair. The planar residual was
computed by the following formula:

op = 1/ AXZ + Ay?, 8)

ntDcos (latref> ntDcos (latref)
360 360

Alon = lonspyrce — lonref, Alat = latsoyrce — lat,ef.

Ax = Alon, Ay = Alat,

where Alon and Alat are the longitude and latitude residuals of the checkpoints, re-
spectively; Ax and Ay, which are converted to meters, are the residuals between the
checkpoints; D is the diameter of the Moon; the coordinates of the checkpoints in source
data are (lo7source, latsource), and the coordinates of the checkpoints in reference data are
(lotyey, laty,f).

The magnitude and distribution of planar residuals are shown by the color shading
maps (Figures 7 and 8) with 1° spacing. Figure 7a shows that the differences between
CE1_TMap_GDOM_120m and Clementine UVVIS Warped Color Ratio Mosaic 200 m vary
widely, with smaller differences on the lunar near side compared to the far side and smaller
residuals in the northern hemisphere compared to the southern. Areas with particularly
high differences are clustered in the southern hemisphere (78°E-140°E, 7°N-80°S), and
the highest residual is more than 5000 m, which is much larger than the differences of
tens of meters in other areas. It is clear from Figure 8a that the differences between
CE2TMap2015_DEM_20m and SLDEM?2015 near lunar maria are smaller than those of
other areas. This is attributed to the fact that five LRRRs with high positioning accuracy
were used as control points in CE-2 map production and that the topography of the area is
relatively flat. Figures 7b and 8b show that the planar residuals between reference data and
source data after registration of both the experiments are greatly reduced, indicating that
the proposed method is effective and the registration results are of high precision.

Furthermore, statistics of mean absolute error (MAE) and root-mean-square error
(RMSE) of the planar residuals between the checkpoints of reference and source data have
been used for quantitative evaluation. The errors are represented both in meters and pixels
(with respect to the reference data). The results, given in Table 1, show that the MEANSs
and RMSEs are several pixels in experiment 1 and over ten pixels in experiment 2 before
registration; the errors are significantly reduced to sub-pixel level after registration in both
experiments. The statistical results demonstrate that our proposed method has achieved
high precision over the entire lunar globe.
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Figure 7. Cont.
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Figure 7. Color-coded map of planimetric difference at a 1° grid space between (a) Clementine UVVIS
Warped Color Ratio Mosaic 200 m and CE1_TMap_GDOM_120m before registration; (b) Clementine
UVVIS Warped Color Ratio Mosaic 200 m and CE1_TMap_GDOM_120m after registration.
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Figure 8. Color-coded map of planimetric difference at a 1° grid space between (a) SLDEM2015
and CE2TMap2015_DEM_20m before registration; (b) SLDEM2015 and CE2TMap2015_DEM_20m
after registration.

86



Remote Sens. 2022, 14, 1442

Table 1. Quantitative statistics of the planar residuals before and after registration using our proposed
method in experiments 1 and 2.

Experiment Group Registration Status MAE (m, pixel) RMSE (m, pixel)
experiment 1 before 2225.0,11.13 2442.2,12.21
P after 135.7,0.68 198.3, 0.99
experiment 2 before 184.5, 3.08 106.5,1.78
P after 38.5,0.64 43.0,0.71

3.3.2. Qualitative Analysis

The performance of the proposed method was also evaluated qualitatively by visual
inspection using checkerboard mosaic images, where neighboring squares were taken from
the reference product and the source product before and after registration. The details are
shown in Figures 9 and 10.

Compared with the checkerboard image before registration (Figures 9c and 10e) show-
ing large deviations at the boundaries of adjacent squares, the regions of the checkerboard
image after registration (Figures 9d and 10f) are well overlapped, and the linear features
across the boundaries of adjacent squares are continuous. This visually verifies the effec-
tiveness of the proposed registration method.

(c) (d)

Figure 9. Examples of registration results of Moon Clementine UVVIS Warped Color Ratio Mosaic
200 m and CE1_TMap_GDOM_120m in the 2° x 2° block centered at (47.88°W, 16.27°N). (a) Ref-
erence image; (b) source image; (c) checkerboard composite of the reference and the pre-registered
source images; (d) checkerboard composite of the reference and the registered source images.
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Figure 10. Examples of registration results of SLDEM2015 and CE2TMap2015_DEM_20m in the
0.5° x 0.5° block centered at (119.29°W, 3.72°N). (a) Reference DEM,; (b) source DEM,; (c) reference
simulated image; (d) source simulated image; (e) checkerboard composite of the reference and the

pre-registered source simulated images; (f) checkerboard composite of the reference and the registered
source simulated images.

In principle, the proposed method needs a large number of evenly distributed control
points to represent the local variation in geometric inconsistency. Therefore, the quantity
and spatial distribution of the extracted control points are crucial to the registration preci-
sion of lunar global products with complex local deformation. More control points generally
result in higher registration precision, but too many control points will inevitably reduce
the efficiency of spherical triangulation and geometric correction. Therefore, the effect of
control point density on registration precision needs to be studied in future research.

4. Conclusions

This paper proposed a spherical triangular-mesh-based method for high-precision
registration of lunar global mapping products. The proposed method has three main
innovations. First, the global spherical registration is not affected by the distortion caused
by map projection, especially in high latitude and polar regions. Second, the spherical
triangular facets avoid using a single transformation model to register the whole lunar
global product, and thus resolve the problem of local geometric distortion. Finally, the local
transformation model of spherical barycentric coordinates can achieve high-precision of
registration and ensure that the registered product after transformation is continuous at
the edges of the spherical triangular mesh.

In the experiments, the performance of the proposed method was evaluated quantita-
tively and qualitatively. The quantitative results show that the planar residuals between
source data and reference data after registration are greatly reduced to sub-pixel level. The
qualitative results conducted with the same data are consistent with the quantitative analy-
sis. Both the quantitative and qualitative results show that our proposed method achieved
high precision for the registration of lunar global products, confirming the effectiveness of
this method. The method can be applied to register global mapping products of the same
or different types, e.g., optical image products, spectral image products, and DEM.
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Abstract: The Altiplano-Puna Volcanic Complex (APVC) of the Central Andes is an arid region with
extensive volcanism, possessing various geological features comparable to those of other solar system
objects. The unique features of the APVC, e.g., hydrothermal fields and evaporite salars, have been
used as planetary analogs before, but the complexity of the APVC presents a wealth of opportunities
for more analog studies that have not been exploited previously. Motivated by the potential of using
the APVC as an analog of the volcanic terrains of solar system objects, we mapped the mineralogy and
silica content of the APVC up to ~100,000 km? in northern Chile based on a combination of remote
sensing data resembling those of the Moon and Mars. The band ratio indices of Landsat 8 Operational
Land Imager multispectral images and mineral classifications based on spectral hourglass approach
using Earth Observing-1 Hyperion hyperspectral images (both in the visible to shortwave infrared
wavelengths) were used to map iron-bearing and alteration minerals. We also used Hyperion imagery
to detect feldspar spectral signatures and demonstrated that feldspar minerals can be detected on
non-anorthosites, which may influence interpretations of feldspar spectral signatures on Mars. From
the Terra Advanced Spaceborne Thermal Emission and Reflection Radiometer Global Emissivity
Dataset, we derived the silica percentage of non-evaporite rocks within errors of approximately
2-3 wt.% SiO; for those in the 60-70 wt.% range (about 8 wt.% errors for the 50-60 wt.% range).
Based on an integrated assessment of the three datasets, we highlighted three regions of particular
interest worthy of further field investigation. We also evaluated the benefits and limitations of all
three remote sensing methods for mapping key minerals and capturing rock diversity, based on
available samples and existing geological maps.

Keywords: spectroscopy; mineral mapping; Atacama; Altiplano-Puna; planetary analog; Landsat;
ASTER; Hyperion; iron; alteration; feldspar; silica; reflectance; emissivity

1. Introduction

Planetary analog studies are comparisons of properties of areas on Earth that have
similar characteristics as extraterrestrial bodies in order to gain insights about solar system
objects and beyond. Analogs on Earth are often the only opportunity for researchers to con-
duct rigorous investigations with a suite of advanced instruments, test models, and verify
remote sensing observations with ground-truth experiments; thus, planetary analog studies
have been one of the crucial methods for understanding extraterrestrial bodies. As new
missions to various solar system objects by multiple countries progress this decade [1-4],
new questions that cannot be answered by spacecraft alone are expected to arise, and to
respond to them, planetary analog studies will continue to play an important role.
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Many planetary analog studies with a variety of objectives have been conducted in-
various parts of the world since the beginning of the modern exploration of extraterrestrial
bodies. One of the most often-used terrain types for analog studies are volcanic fields,
as large proportions of lunar and Martian surfaces are volcanic in nature [5-7]. In recent
years, multi-institutional programs, such as NASA Desert Research and Technology Studies
(Desert RATS), Solar System Exploration Research Virtual Institute (SSERVI), and Planetary
Science and Technology from Analog Research (PSTAR), have made considerable progress
at volcanic analog sites including the Hawaiian Islands and lava fields in the western
United States (e.g., Craters of the Moon National Monument, Idaho) [8-12]. These large
programs used the analog sites for scientific investigations, technology developments, and
operations testing. Other analog studies focused on the geochemical aspects of volcanic
fields, mainly alterations in minerals and rocks. For example, at the Atacama Desert of
northern Chile, Ruff et al. [13] investigated the silica deposits of the El Tatio hydrother-
mal field, which closely resembled observations made by the Mars Exploration Rover.
Flahaut et al. [14] and Yant et al. [15] compared the Solfatara volcanic crater in central Italy
and Kilauea’s December 1974 Flow in Hawaii, respectively, to fumarolic alterations on Mars.
For astrobiology, alteration and other extreme environments are relevant for life-supporting
conditions on extraterrestrial bodies, and altered and evaporite areas such as those in the
Central Andes and Australia have been used for astrobiology analog studies [16,17]. The
cold environments found in Antarctica are also studied often for gully geomorphology
comparisons with their Martian counterparts [18].

The Altiplano-Puna Volcanic Complex (APVC) [19] of the Central Andes is one of
the volcanic analog sites that contains a variety of evaporite deposits, alteration minerals,
and a diverse range of mafic-to-silicic volcanic features suited for comparisons to the
surfaces of the Moon and Mars. Comparisons of the APVC to the Moon and Mars in
recent works (e.g., Ruff et al. [13], Aerts et al. [17], Flahaut et al. [20,21]) gave insights into
major questions of these bodies (e.g., silica deposits and salars on Mars, dome formation
on the Moon), and they have re-emphasized the strong potential of the APVC to better
understand the Moon and Mars. There is an interest in the use of the variety of features
available at the APVC for further analog studies; however, this region is still not fully
characterized and has unexplored areas due to harsh conditions for field expeditions. For
this reason, we used a set of orbital multispectral and hyperspectral images to map the
minerals of the APVC to survey areas of interest for ongoing and future analog studies and
field expeditions. We used Landsat 8 Operational Land Imager (OLI) visible near-infrared
(VNIR; 0.5-0.9 um) and shortwave infrared (SWIR; 1.2-2.5 um) bands, Terra Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) thermal infrared (TIR;
8-15 um) bands, and Earth Observing-1 (EO-1) Hyperion VNIR-SWIR bands to simulate a
set of instruments available on lunar and Martian orbiters. This set of instruments covers
wide ranges of wavelength, spectral resolution, spatial coverage, and spatial resolution,
and the instruments complement each other’s strengths and weaknesses.

The Altiplano-Puna Volcanic Complex

The Atacama Desert of northern Chile, the driest non-polar desert on Earth, is a natural
laboratory to study the diversity of volcanic geoforms. Given the relative scarcity of vegeta-
tion and clouds and the low atmospheric water content during the four seasons of the year,
it is very plausible to obtain detailed insights from orbit. The Atacama Desert has thus been
proposed as an excellent analog environment for some planetary bodies due to its com-
parable climate, volcanic structures, and lava flow morphologies (e.g., Flahaut et al. [20]).
A wide range of volcanic edifices has been found, particularly in the modern volcanic arc
of the Central Andes, including stratovolcanoes, calderas, monogenetic cones, and domes,
which are frequently very well-preserved due to the hyperarid climate of the region [22,23].
Remarkable compositional heterogeneity (from ca. 48 to 80 wt.% SiO;) defines Central
Andean volcanism, with andesites and dacites being the most common erupted materials
at many volcanoes [24]. Basalts and basaltic andesites are rare and concentrated only in a
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few areas of the main arc and the Altiplano-Puna back-arc [25]. Rhyolite lavas, on the other
hand, are unusual in stratovolcanoes, but ignimbrite deposits related to the APVC are com-
monly dacitic-to-rhyolitic in composition [26]. The APVC is one of the largest ignimbrite
provinces in the world, covering a surface area greater than 70,000 km? [19]. Our study area
covers the western boundary of the APVC between 21°30'S, 67°00'W and 24°30'S, 69°00'W
(Figure Ala). Within this area, common volcanic centers include Miocene-to-Quaternary
andesitic-to-dacitic stratovolcanoes (e.g., Carcanal, San Pedro, Lascar), low-silica mono-
genetic edifices (e.g., La Porufia scoria cone; El Negrillar), and small-volume silicic domes
(e.g., Chanka) that overlie more voluminous Miocene rhyodacitic-to-rhyolitic ignimbrite
sheets. This area also includes closed basins infilled by groundwater (e.g., Lake Tuyajto)
and/or covered by non-consolidated-salts-to-hard-saline-crusts that may form extensive
evaporite deposits (e.g., Salar de Atacama).

Hubbard and Crowly [27] demonstrated a mineral mapping methodology using a
combination of EO-1 Advanced Land Imager (ALI), EO-1 Hyperion, and Terra ASTER
imageries in the VNIR and SWIR wavelengths at the APVC. This study succeeded in
qualitatively identifying and mapping the distribution of alteration and evaporite minerals
at Azufre Volcano (21°47'S, 68°13'W) and Salar de Ascotan (21°34'S, 68°16'W), although
it stopped shy of deriving quantitative abundances and analyzing outside of the two
example areas.

Motivated by this work, we used similar instruments to map the abundance and distri-
bution of minerals and bulk-rock properties of mainly volcanic surfaces useful for ongoing
volcanology field campaigns [28-30], analog studies of the Moon and Mars [21,31,32], and
future studies.

2. Materials and Methods
2.1. Landsat 8 Operational Land Imager (OLI)

Landsat 8 began operations in 2013 and is one of the latest satellites in the Landsat
series [33]. Its OLI sensor possesses 9 spectral bands in the VNIR-SWIR (0.4-2.5 pm;
Figure 1). The OLI operates in the push-broom imaging method and has a spatial resolution
of 30 m/pixel. Landsat 8 satellite flies in sequence with EO-1 (prior to decommission) and
Terra satellites, known as the morning constellation [34]. Further specifications of the OLI
can be found in Irons et al. [33].

We downloaded three Landsat 8 OLI level 2 reflectance data from the U.S. Geological
Survey (USGS) EarthExplorer (file names available in Table Al). Bands 1-7 are appropriate
bands for mineralogical analysis; Bands 8 and 9 are panchromatic and cirrus (cloud) sensors,
respectively, and not used in this study. Landsat 8 also possesses a thermal infrared sensor,
but it was not used in this study because it only contains two bands, which were mainly
intended to study surface temperatures. For analysis using TIR wavelengths, we use
ASTER data.

The three selected images were combined using the mosaic tool of the ENVI 5.6 soft-
ware from L3Harris Geospatial (https://www.13harrisgeospatial.com/Software-Technology /
ENVI, accessed on 24 January 2022). To remove shadows and other dark areas from analy-
sis, pixels with reflectance less than 0.1 in all bands 1-7 were masked. Band ratio 1/6 was
computed to capture the high spectral contrast of snow and water, and pixels with values
greater than 1.0 were masked. The selected images were almost free of clouds; a small
cloud and its shadow found at 23°67’S, 67°47'W was manually masked. Pixels with Band
2 reflectance greater than 0.19 were also masked as they corresponded to salars, which are
not the focus of this study.

First, we applied the decorrelation stretch (DCS [35]) technique to obtain a gen-
eral idea of the variabilities within the scene (Figure Alc). Next, band ratios based on
Rockwell et al. [36] were computed to map iron-bearing and alteration mineral groups
(Table 1). Ferric iron 1 index captures the stronger absorption of blue/green light with
respect to orange/red light that arises from charge transfer, and it is widely used to map
ferric iron minerals [37]. Ferric iron 2 index also captures blue/green absorption but also
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crystal-field absorptions in the near-infrared. This index is more sensitive to minerals with
greater abundance of ferric iron than the ferric iron 1 index [37]. In the ferrous/coarse-ferric
iron index, the broad absorption characteristic of ferrous iron is captured. Additionally, oxi-
dizing basalts leaving behind hematite in volcanic flows and cinder cones are captured [37].
The clay-sulfate-mica index captures the diagnostic absorption bands in the SWIR of these
minerals. The band ratio 5/4 is an index of green vegetation, and this is subtracted from the
6/7 band ratio in order to reduce the effect of green vegetation (although green vegetation
is sparse at the APVC). Landsat 8 OLI has only one band in the 2.0-2.5 um range; thus,
the distinction among clay, sulfate, and mica was not made; this was instead performed
with the more appropriate hyperspectral EO-1 Hyperion. The iron-sulfate mineral index
captured the strong absorption of light in Band 1 (0.43-0.45 um) in comparison to Band
2 (0.45-0.51 um), which is not a characteristic of other iron-bearing minerals (oxide and
hydroxide minerals [36]). As with index 4, the green vegetation band ratio was subtracted
from the 2/1 band ratio to further mitigate effects of vegetation.

Table 1. Landsat 8 OLI band ratios from Rockwell et al. [36] used to characterize iron-bearing and
alteration minerals.

Index Number Index Name Formula !
1 Ferric iron 1 “redness” 4/2
2 Ferric iron 2 4/2 x (4+6)/5
3 Ferrous iron, coarse-grained ferric iron, fire ash 2 (3+6)/(4+5)
4 Clay, sulfate, mica, marble 2 6/7 —5/4
5 Iron sulfate 2/1—-5/4

I Numbers correspond to Landsat 8 OLI band numbers (see Figure 1). 2 Fire ash and marble are rarely found at
the field site and, thus, omitted from interpretation.
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Figure 1. Overview of selected spectral bands of remote sensing instruments for the Earth, Moon,
and Mars mentioned in this work in VNIR-SWIR and TIR ranges. Blue, orange, and gray colors
correspond to instruments for the Earth, Mars, and the Moon, respectively. For the Earth component,
the atmospheric transmittance computed with MODerate resolution atmospheric TRANsmission
(MODTRAN) for one-way US standard 1976 model [38] is also shown. Band numbers for Landsat 8
OLI and Terra ASTER TIR are indicated at the bottom.

2.2. Terra Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER)

ASTER, one of the five instruments of the satellite Terra, was built by Japan Ministry
of Economy, Trade, and Industry in collaboration with NASA and launched in 1999, mainly
for studying land surfaces [39]. ASTER has 15 spectral bands that span the 0.5-12 um
wavelength range, covering the VNIR, SWIR, and TIR. Bands 10-14 (8.1-11.7 um; Figure 1)
are TIR and have a spatial resolution of 90 m/pixel [39]. We used the TIR bands to retrieve
a bulk-rock property, i.e., silica percentage, as a complement to mineralogy derived from
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VNIR and SWIR data of Landsat 8 OLI and EO-1 Hyperion. The VNIR-SWIR bands of
ASTER were not used in this work because the mineralogical information that can be
derived from them is redundant to or, at least, less informative than the OLI+Hyperion
combination in terms of spectral resolution, wavelength coverage, spatial resolution, and
spatial coverage (one minor benefit is 15 m/pixel resolution, but only in bands 1-3; other
bands have 30 m/pixel resolution).

From USGS EarthExplorer, we downloaded ASTER Global Emissivity Dataset (GED;
files names available in Table Al). ASTER GED was released by NASA Jet Propulsion
Laboratory and is the most extensive and accurate emissivity product of the Earth’s land
surface to date [40]. Emissivity is derived from the mean of cloud-free ASTER observations
during the 2000-2008 period, and this dataset covers all land surfaces with spatial resolution
of 100 m/pixel (coarser resolution data are also available [40]).

First, we applied the DCS technique to obtain a general idea of the variabilities.
Surfaces of water and water-bearing minerals (e.g., gypsum) in salars appeared in green
color with this DCS band combination (R:14 G:12 B:10; Figure Ald), and they were masked
and removed from further analysis. Parts of salars that were not masked with this approach
were later captured using the Spectral Angle Mapper (SAM) tool [41] in ENVI, and these
pixels were also masked.

In the TIR, emissivity spectra of silicate minerals generally exhibit major absorption
features in the 8-13 pm wavelength range because vibrational frequencies of Si-O bond in
silicate mineral structures match the frequencies of electromagnetic energy in this wave-
length range [42—44]. These absorption bands are known as reststrahlen bands, and the
minima of reststrahlen bands occur at progressively longer wavelengths as the SiO, con-
tent of a rock decreases [42-48]. This relationship allows the derivation of silica content
of rocks if the wavelength of the reststrahlen band minima can be retrieved from TIR
emissivity spectra.

We used the technique of Hook et al. [45], who determined a quantitative relationship
between silica percentage and minimum position of reststrahlen bands from the ASTER
spectral library [49,50], to determine the silica percentage. Minima of reststrahlen bands
were determined by fitting a four-term Gaussian function

fA) = Ag exp(—22/2) + Az 1)

to emissivity spectra, where A is the wavelength, A is the amplitude, and Aj is the offset.
In the exponent, z is expressed as

z=(0A—A1)/Ay 2)

where A; and A; are the wavelength position of the minimum value and the area enclosed
by the function, respectively. For the ASTER dataset without ultramafics (which is appro-
priate for the APVC) the relationship between weight percent silica (y) and wavelength of
minimum of the Gaussian function (A1) is known as

y = —16.203 A; +213.97 ®)

with 2 of 0.7615 [45].

The computations involved in silica percentage derivation from ASTER GED were
accomplished with a Python routine implemented as part of the CRPG spectral processing
software, Mineral Recognizer [51]. Spectra with no distinguishable reststrahlen bands were
not processed.

2.3. Earth Observing-1 (EO-1) Hyperion

Hyperion, which was decommissioned in 2017, contained 220 spectral bands in the
0.4-2.5 um wavelength range (Figure 1), and it had a spatial resolution of 30 m/pixel [52].
Hyperion products are long, narrow strips of hyperspectral cubes with standard scene
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width and length of 7.7 km and 42 km, respectively (the length can extend up to 185 km) [52].
This makes Hyperion complementary to Landsat 8 OLI, which has lower spectral resolution
but greater spatial coverage.

Six Hyperion radiance images available on USGS EarthExplorer were downloaded
(Table Al) and converted to reflectance using the ENVI FLASSH module [53-55]. The
selection of Hyperion images was first guided by areas of mineralogical interest determined
from the Landsat and ASTER maps and further constrained by the availability and quality
of images. The derived reflectance spectra were noisy with occasional spikes in spectra.
This was expected as Hyperion data have comparatively low signal-to-noise ratio (150:1
to 60:1 for Hyperion but above 200:1 for Landsat 8 OLI [33,52,56]). We used the Mineral
Recognizer denoising algorithm to eliminate spikes using a combination of percentile and
z-score techniques [51].

The selected Hyperion images were processed to retrieve mineral classes using the
spectral hourglass approach [57]. Data were first transformed using the Minimum Noise
Fraction (MNF) technique [58]. To separate useful signals from noise, the first 18 MNF
bands were kept for Inverse MNF and further processing, which is a consistent number
of bands with Hubbard and Crowley [27]. Next, Pixel Purity Index [59] was computed,
and pixels with potential endmember spectra were identified. Upon manual inspection,
obvious spectra of non-minerals (e.g., snow, image edges) were removed. For the re-
maining endmember spectra, Spectral Analyst Tool based on the USGS Spectral Library
version 7 Beckman group [60] was used with SAM and Spectral Feature Fitting (SFF) tech-
niques [41,61] to identify minerals or mineral groups. The Spectral Analyst tool is sensitive
to the input wavelength range; thus, we searched for consistent matches after applying it
to the 0.4-2.5 pm, 0.4-1.2 pm, and 2.0-2.5 um ranges. Next, pixels in the scene matching
the selected endmember spectra were identified using the SAM technique with the default
threshold angle of 0.1. Similar or redundant SAM classes were merged based on geospatial
and spectral similarities and irrelevant SAM classes (e.g., shadows) were omitted upon
manual inspection.

Additionally, we specifically searched for feldspar minerals, as the geological inter-
pretation of remote sensing detection of feldspar minerals in the VNIR-SWIR on Mars is
a currently debated topic [31,32,62-65]; thus, a comparable detection of feldspars at the
APVC is eminently beneficial. The VNIR-SWIR reflectance spectra of feldspar minerals are
mostly featureless, however, for those containing minor amounts of iron, a broad absorp-
tion band center around 1.25 um can be detected (e.g., Adams and Goulaud [66], Cheek
and Pieters [67]). Capturing this broad absorption feature requires Hyperion’s spectral
coverage and resolution. We computed the spectral index of feldspar minerals in a similar
way as for the index BD1300 in Viviano-Beck et al. [68] as

B=1—-R./(axRs+b xRy 4)

where B is the feldspar band depth index, R, Rg, and R; are the reflectance at the center, the
short wavelength edge, and the long wavelength edge of the band, respectively. Wavelength
parameters a and b are derived as

b= O\c - )\s)/()\l - )\s) (5)

a=1-b (6)

where A, As, and A are the wavelength of the center, the short edge, and the long edge of
the band, respectively. For reflectances R, Rs, and R}, means were taken from reflectances
at several wavelengths for each of A, A, and A; to reduce noise (exact wavelengths are
indicated in Table A2). Useable Hyperion spectral bands were limited around the typical
feldspar band center (around 1.25 um); therefore, we actually computed two values of B
for each spectrum using two different A. that together captured the feldspar band. We
then computed the mean of the two preceding B values to derive the final value for B.
In order to reduce false positives, first and second derivatives of the reflectances were
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computed to eliminate spectra without distinguished concave shapes centered around
1.25 pym. Shadows and other dark materials with low spectral reflectance (<1.5) were
also removed from analysis. The computations of spectral indices were performed using
Mineral Recognizer.

3. Results

The main objective of this study was to conduct a mineralogical survey of the non-
evaporite surfaces of the APVC, to identify potential areas of interest to use as planetary
analogs, and to support geological field expeditions in subsequent works. We determined
three regions of interest that showed potential and had at least some availability of Hyperion
imagery. In this process, mineral and rock characterizations capitalize on the advantage of
synthesizing multiple datasets and techniques that are different and complementary to one
another (Section 2). The assessment of the utilization of multiple remote sensing datasets is
itself noteworthy, and it is discussed in Section 4.2.

3.1. Cerro Carcanal and Vicinity
3.1.1. Alteration Minerals

The first area of interest is Cerro Carcanal and its vicinity (Figure 2; 21°57'36"'S,
68°25'48""W to 22°7'48"'S, 68°17'24""W), which is a stratovolcano from the Miocene age [69].
Landsat index 4 showed elevated levels of the clay-sulfate-mica mineral group, and es-
pecially high index values were found at the summit of Carcanal volcano (Figure 3d).
The Hyperion hyperspectral analysis captured the various shapes of the spectral bands in
the 2.0-2.5 um region and indicated that the summit contains argillic alteration minerals,
mainly montmorillonite, alunite, and kaolinite (Figure 4). Alunite and kaolinite miner-
als typically indicate advanced argillic alteration states more than montmorillonite [70];
thus, pixels with spectra closely matching alunite and kaolinite in the 2.0-2.5 pm region
were grouped as “High Alteration” to distinguish them from the other pixels matching
montmorillonite, which were classified as “Alteration.” The clay-sulfate-mica material
at the summit seems to have flown down the volcano slope, and the “High Alteration”
class became scarce further from the summit (Figure 3f). The flows continued beyond
the coverage of the Hyperion imagery and made particularly large deposits to the south
of the volcano (e.g., 68°31'12’S, 22°11'60""W; Figure 2d). Landsat index 5 showed that
moderate amounts of iron-sulfate minerals were also found at the summit (Figure 3e), but
the iron-sulfate index values were comparatively low in relation to those of the nearby
volcanoes (Figure 2e), such as Paniri (22°3/34"'S, 68°13/48'’W) and Cerro del Leon (22°80"'S,
68°6/36"'W).

3.1.2. Iron-Bearing Minerals

Especially high values of the Landsat ferrous/coarse-ferric iron mineral group were
found sparingly at the summit, slope, and base of Carcanal volcano (Figure 3c). The Hy-
perion analysis found that the spectra of these pixels highly matched hematite spectra
(Figures 3f and 4), and these pixels were classified as “High-Iron-Bearing” class. One of
these features, known as El Rojo III scoria cone (22°0'35"’S, 68°18'46"’W), has been geo-
chemically analyzed before and was identified as a deeply weathered and oxidized basaltic-
andesite deposit containing approximately 8.35 wt.% FeO [71]. This is consistent with
Hyperion’s spectrum-based identification as hematite and high Landsat ferrous/coarse-
ferric iron mineral index. Other pixels high in Landsat ferrous/coarse-ferric iron mineral
group and Hyperion “High-Iron-Bearing” class are expected to be of similar materials. In
particular, outside of the Hyperion imagery coverage, Landsat index 3 highlighted a large
deposit of this material to the south of Carcanal volcano (22°8'60'S, 68°24'36""W; Figure 2c¢).
These features, however, were not highlighted by high values of ferric iron index 1 and 2
(Figure 3a,b).
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Figure 2. (a) Landsat index 1 “ferric iron 1 redness”. (b) Landsat index 2 “ferric iron 2”. (c) Landsat
index 3 “ferrous and coarse ferric iron”. (d) Landsat index 4 “clay, sulfate, and mica”. (e) Landsat

index 5 “iron sulfate”. (f) Estimated silica percentage from ASTER imagery. Three regions selected in
this study are indicated with rectangles. For Landsat index maps (a—e), pixels with negative values

were masked. For ASTER silica percentage map (f), pixels corresponding to salars were masked
(Section 2.2).
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Figure 3. Maps of Cerro Carcanal and vicinity (21°57'36/'S, 68°25'48'"W to 22°7/'48"'S, 68°17'24''W).
(a) Landsat 8 OLI ferric iron 1 “redness” band ratio index. (b) Landsat 8 OLI ferric iron 2 band
ratio index. (c¢) Landsat 8 OLI ferrous/coarse-ferric iron band ratio index. (d) Landsat 8 OLI clay-
sulfate-mica band ratio index. (e) Landsat 8 OLI iron-sulfate band ratio index. (f) EO-1 Hyperion
SAM classification result. “Alteration” and “High Alteration” groups are based on montmorillonite
and alunite/kaolinite minerals, respectively. “High-Iron-Bearing” group is based on high hematite
spectral signature. (g) Estimated silica percentage from ASTER imagery.

3.1.3. Silica Percentage

Overall, the ASTER silica percentage map (Figures 2f and 3g) indicated that Carcanal
volcano is enriched in silica compared to the volcanoes in its immediate surroundings,
San Pedro (21°53'17"'S, 68°23/32"”W), San Pablo (21°52/41"’S, 68°21’49''W), and Paniri,
which suggests that Carcanal volcano experienced greater alteration (silicic and argillic)
than its neighbors. This is consistent with the fact that Carcanal is older (Miocene) than
others (Quaternary) [69] and thus has had more time for alteration to advance.

3.2. ALMA/Toconao Village Region
3.2.1. Alteration Minerals

The second region of interest lies in the area near Atacama Large Millimeter Array
(ALMA) and Toconao village (Figure 2; 22°53'0"’'S, 68°0'0"W to 23°18'0"'S, 67°39'0"’W).
Cerro Toco (22°57'36"'S, 67°46/12""W) showed high Landsat clay-sulfate-mica and iron-
sulfate mineral index values (Figure 5d,e). Hyperion analysis also indicated the presence
of the argillic alteration minerals, montmorillonite, kaolinite, and alunite (Figure 5f).
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Figure 4. Hyperion spectra of alunite, kaolinite, montmorillonite, and hematite found at Cerro
Carcanal and vicinity. The identification of minerals is the overall result of SAM and SFF methods
in ENVI Spectral Analyst tool. The entire 0.48-2.5 um wavelength range was used for hematite
spectrum identification, and both 0.48-2.5 and 2.0-2.5 um wavelength ranges were used for alu-
nite/kaolinite/ montmorillonite spectrum identification.

3.2.2. Iron-Bearing Minerals

This region was characterized by large extents of moderately-high-to-very-high iron-
bearing minerals. The Landsat ferrous/coarse-ferric iron mineral index highlighted a few
volcanic centers (23°5'24"'S, 67°46'12""W; 23°10'12'S, 67°40'48'"W; 23°14/24"'S, 67°45'0""W),
which were further found to possess hematite and hornblende with Hyperion hyperspectral
analysis and classified as “High-Iron-Bearing.” Similar to the iron-rich basaltic-andesite
features at the Cerro Carcanal area, these iron-bearing features are likely oxidized basaltic-
andesite volcanic deposits as well. The Landsat ferric iron 1 “redness” index (Figure 5a)
was not high. The geological map (Figure Alb) indicates that these features are Pliocene
volcanic centers with andesite, dacite, basalt, and basaltic-andesite composition, indicating
younger age compared to the similar features at Cerro Carcanal.

The Hyperion hyperspectral analysis also identified pixels with hematite spectra but
to a lower degree of agreement than the “High-Iron-Bearing” class, which were labeled
as “Iron-Bearing” (Figure 5f). The Iron-Bearing pixels corresponded to moderately high
Landsat ferrous/coarse-ferric iron index values (Figure 5c), and on the geological map,
these regions were indicated as ignimbrites and pyroclastic flow deposits (Figure Alb).
Furthermore, Landsat ferric iron index 1 and 2 also showed moderate-to-very-high values.
Not all parts of the ignimbrites and pyroclastic flow deposits exhibited overall high iron-
bearing mineral spectral signatures, however. The ignimbrites in the northern part of
this location (23°0'36'’S,”67°48'36""W) showed low values of Landsat ferric iron 1 and 2
index and very low values of ferrous/coarse-ferric iron index, and hematite (and other
iron-bearing mineral) spectra were not identified with the Hyperion analysis.

3.2.3. Silica Percentage and Feldspar Minerals

The parts of ignimbrites and pyroclastic flow deposits that have high iron-bearing
mineral spectral signatures were mostly more consistent with higher silica percentages
than the parts with low iron-bearing mineral spectral signatures (Figure 5h). However,
“High-Iron-Bearing” basaltic-andesite volcanic deposits exhibited low silica percentages
(Figure 5h).

High values of Hyperion feldspar mineral index were found at Dacite Dome D of the
Purico Complex (22°56'60"'S,”67°43/12"'W; Figure 5g [71,72]). For this dome, the ASTER
silica percentage map indicated mostly average values (~62 wt.% SiO;) but sometimes
ranged up to nearly 70 wt.% SiO,. Low feldspar index values were also found in the Purico
ignimbrite located to the south of El Cerrillo dome.

101



Remote Sens. 2022, 14, 2081

g sedow 67°520°W ‘ 1 ¢ 00" 67°520'W 67°440'W

Ferric Iron 1 4

B87°52'0"W B7°44'0"W

o 5 10 15 & i a B 10 15 0 1] 5 10 15 3 o 5 10 5
g e, P e v A g v
L b 2 2 -,\"\ ,,QA' i 7»- .
BE°0'0W
e

BT 44'0"W 67°440"W

BE°0'0"W B67°520"W 67°440"W 88 00w B7°620"W

68°00"W 67°52'0"W B7a4'0°W ES'DI’D'W B67°52'0°W
Val

Value .m.,-.u.,n Value lue
Ia ‘®_ 0 s__to 18 [ Er—. -@» 0 50 18 Ia ‘,@) 0 5o s [ B! | u@_ 05 1o
0 ° . iron-Baaring v & ° H 1\‘7 & ,

B B}

[l it 1ron-Beaing

Figure 5. Maps of the region surrounding ALMA and Toconao Village (22°53'0"'S, 28°0'0"W to
23°18'0"'S, 67°39'0""W). (a) Landsat 8 OLI ferric iron 1 “redness” band ratio index. (b) Landsat 8
OLI ferric iron 2 band ratio index. (c) Landsat 8 OLI ferrous/coarse-ferric iron band ratio index.
(d) Landsat 8 OLI clay-sulfate-mica band ratio index. (e) Landsat 8 OLI iron-sulfate band ratio index.
(f) EO-1 Hyperion SAM classification result. “Alteration” and “High Alteration” groups are based
on montmorillonite and alunite/kaolinite minerals, respectively. “Iron-Bearing” and “High-Iron-
Bearing” groups are based on moderate hematite and high hematite /hornblende spectral signatures,
respectively. (g) EO-1 Hyperion feldspar band depth index. (h) Estimated silica percentage from
ASTER imagery.

3.3. Lake Tuyajto/Salar de Tnlar Region
3.3.1. Alteration Minerals

The third area of interest covers the vicinity of Lake Tuyajto and Salar de Talar (Figure 2;
23°48/36''S, 67°47'60"'W to 24°13/12"'S, 67°26/24"’W). A similar assemblage of mineral
groups to that seen at the previous two sites was found here. The volcanoes Incahuasi
Sur (24°1'12"'S, 67°31'12""W), Tuyajto (23°51'0"'S, 67°35'60"’W), and Cordén Purichare
(24°8'60"'S, 67°49'48""W) were highlighted by very high Landsat clay-sulfate-mica mineral
index values (Figure 6d). They also showed high iron-sulfate mineral index values (Fig-
ure 6e), which is similar to the ALMA /Toconao village area but different from the Cerro
Carcanal area. The flow deposits on the slopes and base of the volcanoes also showed high
clay-sulfate-mica and iron-sulfate index values. The Hyperion analysis indicated that these
areas contain montmorillonite, kaolinite, and alunite minerals. The flow materials of the
Tuyajto volcano showed strong spectral signatures of alunite and kaolinite, suggesting
advanced argillic alteration to greater extents (Figure 6d,f).
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Figure 6. Maps of the region near Lake Tuyajto and Salar de Talar (67°47'60"’S, 23°48'36"'W to
67°26'24"'S, 24°13'12""W). (a) Landsat 8 OLI ferric iron 1 “redness” band ratio index. (b) Landsat
8 OLI ferric iron 2 band ratio index. (c) Landsat 8 OLI ferrous/coarse-ferric iron band ratio index.
(d) Landsat 8 OLI clay-sulfate-mica band ratio index. (e) Landsat 8 OLI iron-sulfate band ratio index.
(f) EO-1 Hyperion SAM classification result. “Alteration” and “High Alteration” groups are based
on montmorillonite and alunite/kaolinite minerals, respectively. “Iron-Bearing” and “High-Iron-
Bearing” groups are based on moderate hematite and high hematite /hornblende spectral signatures,
respectively. (g) Estimated silica percentage from ASTER imagery.

3.3.2. Iron-Bearing Minerals

Volcanic deposits with very high Landsat ferrous/coarse-ferric iron indices and strong
Hyperion hematite spectral signatures interpreted as basaltic-andesite deposits at the
previous two locations were also present (“High-Iron-Bearing” class, e.g., 23°58'48''S,
67°43'48"W). The Hyperion analysis also determined a class with a moderate hematite
spectral signature (labeled “Iron-Bearing”). As observed in the ignimbrites and pyroclastic
flow deposits of the ALMA /Toconao village region, the “Iron-Bearing” class showed
moderate-to-very-high values of Landsat ferric iron 1 and 2 index values. On the geological
map, “High-Iron-Bearing” deposits corresponded to ignimbrites, volcanic centers, and
partially eroded volcanic centers Miocene to Pliocene in age (Figure Alb). The “Iron-
Bearing” class corresponded largely to ignimbrites and volcanic centers but also to partially
eroded volcanic centers and secondary sedimentary deposits (e.g., alluvial). As seen
previously, the Landsat ferrous/coarse-ferric iron index did not highlight the “Iron-Bearing”
mineral class, but it was highlighted in the ferric iron 1 and 2 indices (Figure 6a—c).
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4. Discussion
4.1. Evaluation of Mapping Results
4.1.1. Iron-Bearing and Alteration Minerals

The distribution of iron-bearing and alteration mineral groups highlighted by the
Landsat band ratio indices corresponded to the mineral maps made from the ALI-ASTER
fused images by Hubbard and Crowley [27] at the area around Azufre Volcano (21°470"'S,
68°13'0""W). The argillic alteration minerals represented by Landsat index 4 (clay-sulfate-
mica) showed high abundance values at Azufre Volcano and the flow deposits surrounding
the volcano (Figure 2d). These areas also showed high abundance values of index 5,
iron sulfates. The ferric and ferrous iron mineral indices (index 1, 2, and 3; Figure 2a—c)
also highlighted areas indicated as hematite in Hubbard and Crowley [27]. A spectrum
of a sample of red scoria at El Rojo III (22°0'5"'S, 68°18’46’"W) showed consistency in
general shape and ferrous/coarse-ferric iron index with the Landsat spectrum from a pixel
containing these coordinates (Figure 7a), and Spectral Analyst confirmed the presence of
hematite. The geochemical analysis at CRPG of El Rojo III confirmed nearly 10 wt.% Fe;O3,
which was the highest iron oxide content among 155 APVC silicate rocks compiled from
published data and CRPG measurements (Supplementary Material).
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Figure 7. (a) Comparison of remote sensing spectra of El Rojo III location to a spectrum acquired in
the laboratory of El Rojo III red scoria sample. (b) Image of the sample used for spectral measurement.
(c) The view of El Rojo I1I scoria cone in the field (22°0'5"'S, 68°18'46""W). Minor amounts of white
minerals in (c) are alteration minerals, which contributed to the discrepancy of spectra in (a), in which
the sample lacks this white mineral.

The Hyperion SAM classification map at Cerro Carcanal for iron-bearing and alteration
minerals also indicated consistency with the results of Hubbard and Crowley [27], who
identified hematite, aluminous clays, and alunite (mixed). Despite the low signal-to-noise
ratio of Hyperion, the distinct absorption features of alunite, kaolinite, and montmoril-
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lonite in the 2.0-2.5 um wavelength region were captured (Figure 4) and allowed further
constraining of the mineral groups within the alteration mineral group, which was not
possible with the Landsat clay-sulfate-mica index. Within the alteration mineral group,
we distinguished between pixels dominated by montmorillonite and by alunite/kaolinite,
indicating argillic alteration or advanced argillic alteration, respectively. The spatial corre-
lation of the alteration minerals identified in the Hyperion analysis was in visually good
agreement with the Landsat clay-sulfate-mica index (Figures 3d.,f, 5d,f and 6d,f). Simi-
larly, for iron-bearing minerals, the distinction between the strong and weak presence of
iron was possible with Hyperion; pixels with a strong hematite spectral signature were
classified as “High-Iron-Bearing” class (Figures 3f, 5f and 6f), and pixels with a weaker
hematite spectral signature were classified as “Iron-Bearing” class (Figures 5f and 6f). Both
of these iron-bearing mineral classes showed high spatial correlation with the Landsat
ferrous/coarse-ferric iron index (Figures 3c¢,f, 5¢,f and 6c,f).

4.1.2. Silica Percentage

Overall, the silica percentages derived from the ASTER GED highlighted roughly
two main groups: secondary sedimentary deposits and primary volcanic deposits/centers
high and low in silica, respectively. The absolute error in ASTER GED is reported as
1.24% [40,73], and using this, we estimated that uncertainties in the weight percentage of
silica, calculated as in Section 2.3, were generally 0.5 wt.% SiO, or lower for over 90% of
pixels in both categories (high and low silica content).

We gathered the published silica contents of samples of the APVC and also measured
the silica content of the available APVC rock samples at the CRPG geochemistry labo-
ratory for ground-truth comparison to the silica content derived from the ASTER GED
(Appendix D and the Supplementary Material). In total, the locations of 251 samples
corresponded to the ASTER silica content pixels, but four mafic samples with silica content
of 50% SiO, or below were removed from further consideration (247 total). Assuming that
the samples are representative of the surface seen from orbit, the ASTER GED silica content
estimations were within a 6 wt.% SiO, difference for about two-thirds of the samples and
within a 3 wt.% SiO, difference for 40% of the samples (Table 2). We found that there
was a trend in the absolute differences as a function of silica content, according to which
samples above approximately 60 wt.% SiO, had lower differences than those below 60 wt.%
SiO, (Figure 8). Two groups, with high (group 1) and low (group 2) silica content, were
distinguished using the k-means clustering method. Group 1 had a center point at 63 wt.%
Si0; with a 2.5 wt.% SiO; difference and group 2 had a center point at 57 wt.% SiO4 with
an 8.1 wt.% SiO; difference (Figure 8). Approximately 90% of the measurements in group
1 and group 2 were below 5 and 12 wt.% SiO, difference, respectively. The silica content
derived from ASTER GED was lower than that of the samples (i.e., underestimation) for
15% of the samples, and furthermore, these underestimations only occurred in group 1,
which accounts for one-quarter of the group 1 samples.

Table 2. Summary of the differences in silica content derived from ASTER GED using Equation (3)
and measured in geochemical laboratories. Bold numbers highlight the percentage of best estimations.

SiO; Abs. Diff. 0-3 3-6 6-9 9-12 +12
% of samples 40 28 18 10 3
no. samples at CRPG 5 3 2 1 2

Based on the ground-truth comparison, we believe that silica content estimation with
ASTER GED is reasonable for deriving the silica content of APVC rocks within roughly
2-3 wt.% SiO; of the true value if they are above 60 wt.% SiO, (group 1). For a study
dealing with rocks below 60 wt.% SiO, (group 2) where an average difference of 8.1 wt.%
Si0; is not sufficient, we suggest a simple qualitative approach, e.g., high vs. low silica
content comparison, which can still be valuable for remote locations.
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Figure 8. Absolute differences in silica content between ASTER and sample measurements as a
function of silica content of the samples. Group 1 and group 2 from k-means clustering are indicated
in red and blue boundaries, respectively. Center points of each group are shown in red circle and
blue triangle for group 1 and group 2, respectively.

We suspected that the larger deviations of the ASTER-derived silica content from
those of the samples could be attributed to Equation (3), where we assumed the exclusion
of ultramafic rocks. Thus, we derived the silica content from the ASTER GED using the
four-term Gaussian parameters of Hook et al. [45] that includes ultramafic rocks as

y = —10.548 A1 + 160.25 @)

where A; is from Equation (2). The result did not yield a significant trend in ASTER vs.
sample differences as a function of silica content, and the overall agreement was lower than
Equation (3), which excluded ultramafics (Table A3). For this reason, estimations based on
Equation (3) are preferred. Although beyond the scope of this study, measuring the thermal
emissivity spectra of the APVC samples and deriving the APVC’s unique relationship
between the wavelength of the minimum of the reststrahlen bands and the silica content
of the rocks instead of using Equation (3) could lead to improvements. Additionally, the
samples should ideally come from spatially representative locations rather than spatially
biased locations (Figure Ala); however, the conditions of the APVC did not easily permit
this (i.e., the purpose of using remote sensing techniques).

4.1.3. Feldspar Minerals

The feldspar spectra detected with Hyperion near the Chanka dome (21°45'0"'S,
68°18'58""W) matched the spectra of a sample of feldspar-bearing rock collected at this
location (Figure 9a). A visual inspection of the sample and optical microscope observa-
tions of a thin section indicated the presence of optically visible feldspar grains with sizes
approximately 3 cm and smaller (Figure 9b—d). Additionally, the space between distin-
guishably large grains in the microscope image appeared to be composed of very small
(roughly < 1 um) feldspar and other mineral grains (Figure 9c,d). These observations give
confidence to feldspar detections based on the 1.3 um spectral feature.

For Dacite Dome D, which showed strong feldspar spectral signatures in the ALMA /
Toconao village region (22°56'0"'S, 67°43/12"'W; Figure 5g), the computed feldspar index
values (>0.4) substantially exceeded the typical values for the Chanka dome (0.03). Samples
of Dacite Dome D analyzed by Schmitt et al. [72] indicated that plagioclase feldspars
accounted for 66-80% of the minerals (33—40% of the entire sample total when accounting
for the presence of glass). According to Schmitt et al. [72], dacite pumice from the Purico
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Reflectance

ignimbrite surrounding Dacite Dome D closely resembles that of Dacite Dome D, with
similar abundances of plagioclase feldspars, but curiously, we observed that only a small
portion of the Purico ignimbrite to the South of El Cerrillo dome showed low feldspar
index values.
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Figure 9. (a) Comparison of an EO-1 Hyperion spectrum to a spectrum acquired in the laboratory of
feldspar-bearing rock from the Chanka dome (21°45'0"'S, 68°18'58''W). (b) Image of the sample used
for the measurement. White grains are feldspar. (c¢) Microscope image of a thin section of the sample.
Feldspar grains are labeled. (d) Microscope image of a thin section of the sample in cross-polarized
light. Twinning typical of plagioclase feldspars can be observed on feldspar grains.

4.2. Assessment of Different Datasets and Mapping Techniques

First, the Landsat 8 OLI DCS map, which is not quantitative but is computationally
fast and suited for the initial evaluation of a large area, captured the diversity of the
volcanic features, namely, the relative differences between the ignimbrites, low-silica
volcanic centers, silicic domes, alteration areas, and sedimentary deposits (Figure Alc).
Compositional variations were also observed within volcanic centers (e.g., Carcanal volcano
versus the neighboring San Pedro and San Pablo volcanoes) or within ignimbrite bodies,
which may appear in tones of yellow, orange, green, or purple in the Landsat DCS image
(Figure Alc). Although the geological map did not distinguish them, possible differences
may have arisen from the iron content, iron oxidation level, weathering, and compactness
of the sediments.

After grasping the general pattern of the study site with the DCS technique, we
applied semi-quantitative techniques to measure the presence of selected minerals. The
band ratio indices for six mineral groups (Table 1) were computed with Landsat 8 OLI,
which was fast and particularly effective at mapping a semi-quantitative distribution of key
mineral groups, thereby capturing evidence of volcanic activities, such as iron-bearing and
alteration minerals. A caveat of the band depth index approach, however, is that it targets
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a known mineral with a known absorption feature, which may in fact vary depending
on its exact composition, structure, or environmental parameters. Therefore, the band
depth index approach is not suitable for finding unexpected /unknown minerals. However,
this limitation can be remedied to some extent by being aware of the variabilities shown
with the DCS map and other sources of information, such as the geologic map. Another
limitation is that the mineral groups were not precise enough, particularly for the clay-
sulfate-mica group. The low spectral resolution of the Landsat 8 OLI does not allow the
distinction among different minerals within each group. On the other hand, hyperspectral
images are able to capture narrow spectral features and are better suited for more precise
mineral characterizations; thus, we utilized EO-1 Hyperion hyperspectral imagery to obtain
more definitive mineral characterizations. The spectral hourglass technique was used to
derive mineral identification and distribution from the scene, and it distinguished alunite,
kaolinite, and montmorillonite spectra within the Landsat clay-sulfate-mica group. This is
a complementary approach to the spectral indices used with the Landsat dataset, and it
is a means to achieve more precise mineral characterizations and cross-check the results
from the Landsat analysis. In spite of that, precise distinctions were still not easy, since the
minerals had overlapping or close spectral features, and spectral features were masked
by other minerals. For this reason, we did not attempt to map alunite, kaolinite, and
montmorillonite separately but rather distinguished only between alunite and a group of
kaolinite and montmorillonite.

Band-depth indices can also be computed from Hyperion. This was necessary for
the feldspar identification, where the diagnostic spectral feature is weak, and the spectral
feature range is not adequately captured by Landsat 8 OLI (or other multispectral datasets).
For weak spectral features such as those of feldspars, masking and inadequate absorption
depth are especially problematic, even for hyperspectral datasets. We detected high feldspar
index values from Dacite Dome D, but the Chanka dome had much lower index values
and the felsic ignimbrites did not have significant values at all, even though they were
expected to have feldspars. The spectral signature of feldspars is influenced by multiple
parameters, including the mineral assemblage, the mineral’s composition, its grain size,
and the rock texture [64,66,67]. Spectral unmixing methods could resolve at least some of
these problems.

Hyperion and other hyperspectral imaging techniques are usually spatially limited,
only covering a fraction of Landsat 8 OLI imagery, with considerable spatial gaps among
available images. For this reason, Hyperion is better suited to the study of small regions of
interest already identified with Landsat or other datasets.

The ASTER GED in the TIR was highly complementary to the mineral analysis per-
formed with the Landsat and Hyperion dataset in the VNIR-SWIR. Initially, the ASTER
DCS map (Figure Ald) qualitatively revealed the relative distribution of high silica content
(red), low silica content (blue), and non-silicates (green). Next, the quantitative silica per-
centages derived from the wavelengths of the minimum of reststrahlen bands followed the
general spatial pattern seen in the ASTER DCS map and showed reasonable, albeit variable,
errors when compared to the ground-truth samples. The mapping of the silica percentage
of the silicate rocks at the APVC in the order of 10,000 s to 100,000 km? spatial extents
is beneficial for volcanological studies of the APVC, and for our future work, it could
define the lithological contexts of minerals and mineral groups identified with VNIR-SWIR
spectra, especially feldspars.

4.3. Re-Emphasis of the APVC for Planetary Analog Use

Previously, water-related features, such as salars and hydrothermal fields, have been
popular targets for planetary analog studies at the APVC. However, the remote sensing
survey conducted in this study revealed other geological features, to large spatial extents,
relevant for comparisons to those on other solar system bodies. Notably, the detection
of the feldspar spectral signatures of non-anorthosite rocks with Hyperion could impact
on the direction of research in Mars volcanism, in which recent works (e.g., Barthez
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et al. [31], Flahaut et al. [32]) have demonstrated alternative views to the hypothesis that
feldspar spectral signature detections are likely anorthosites (which is the hypothesis of
Carter and Poulet [62] and others). The detection of strong feldspar spectral signatures
at Dacite Dome D in the ALMA /Toconao village region offers the potential for deeper
insights into this problem, and it also is relevant for comparisons to silicic domes on the
Moon (e.g., Flahaut et al. [21], Glotch et al. [74]). Questions remain over this dome as the
ASTER silica percentage estimation yielded a range of 62-69 wt.% SiO, and the majority of
nearby Purico ignimbrite did not show high feldspar spectral index values, despite it being
mineralogically and chemically similar to Dacite Dome D. Often, the preferred approach for
identifying feldspars or other silicate minerals is to detect the diagnostic reststrahlen bands
in high-spectral-resolution TIR spectra (e.g., Lyon [42]); however, for both the Earth and
Mars, orbital TIR hyperspectral imagery with sufficiently high spatial resolution (10’s of
m/pixel) does not currently exist. The combination of feldspar detections with the 1.3 um
spectral feature in hyperspectral VNIR-SWIR imagery and the silica percentages derived
from multispectral TIR imagery is currently viewed as a robust approach (e.g., Rogers
and Nekvasil [64]). The outcome of the preferred interpretations of feldspar detections
on Mars has a major impact on our understanding of Martian geological history; thus,
follow-up investigations of the feldspar detections demonstrated in this work are crucial.
We plan to send a geological field expedition to the Dacite Dome D area to gather further
ground-truth data.

Ignimbrites in the ALMA /Toconao village region are another feature worthy of more
detailed investigations. Parts of ignimbrites were highlighted by high silica percentages
(~70%) according to ASTER, and the ignimbrite samples contained feldspar grains; however,
although we did not find feldspar spectral signatures with Hyperion, we found moderate
iron spectral signatures. In addition, the detection of high-iron-bearing mineral deposits
at all three presented regions that were interpreted as basaltic-andesites is remarkable for
research on mafic volcanism in the APVC [30,71,75].

Abundant alteration minerals were identified at the APVC, particularly in the Cerro
Carcanal and Lake Tuyajto/Salar de Talar regions. Alteration analog studies have been im-
portant for understanding alterations on other planetary bodies (e.g., Mars; Carter et al. [76],
Murchie et al. [77]), and they have also been conducted at other volcanic regions on Earth
(e.g., Hawalii, Italy). The Landsat clay-sulfate-mica index and Hyperion alteration mineral
maps contribute to this large-scale effort and will be useful for continued analog studies of
alterations; moreover, they could play a major role in mineral resource assessments at the
APVC, as argillic alterations are often associated with economically valuable minerals.

The methodology adopted in this work is commonly used in Earth and planetary
remote sensing studies. We first used Landsat and ASTER, which are multispectral in-
struments and have large spatial coverage but low spectral resolution, to identify smaller
regions of interest. Next, the minerals within those smaller regions were further analyzed
with Hyperion hyperspectral imagery. Although it is not new, we emphasize that the
dataset and mapping approach adopted in this work resemble those available for the Moon
and Mars, and thus, our work is transferable to the analysis of the analogous terrains of
these planetary bodies. The three satellite imagery datasets of the Earth, Landsat 8 OLI,
Terra ASTER, and EO-1 Hyperion, are comparable to the Mars Odyssey (MO) Thermal
Emission Imaging System (THEMIS) VNIR bands [78], the Mars Reconnaissance Orbiter
Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) [79], and MO THEMIS
TIR bands [78]. For the Moon, they are comparable to Clementine multispectral imag-
ing cameras (ultraviolet/visible camera, near-infrared camera) [80], the SELENE/Kaguya
Multiband Imager [81], the Chandrayaan-1 Moon Mineralogy Mapper (M?) [82], and the
Lunar Reconnaissance Orbiter (LRO) Diviner [83]. Figure 1 shows the comparison of the
instruments. Future orbiter missions, such as the Lunar Trailblazer [84], will carry similar
but enhanced spectral instruments operating in both the VNIR-SWIR and TIR ranges.

Some limitations to this methodology, which is mainly based on the Earth’s differences
to other planetary bodies, must be understood. The atmosphere is a major factor in
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orbital remote sensing, and the Earth’s atmosphere has strong absorptions arising from
water, which is a dominant molecule on Earth, but not in other solar system bodies. This
substantially impacts the usable wavelengths on Earth in both VNIR-SWIR and TIR and
limits the constraining of some minerals, such as the clay-sulfate-mica group. Although
Hyperion captured important spectral features in the 2.0-2.5 um region, other major bands
in the 1.0-2.0 um would have helped with further constraining. On the other hand, the lack
of atmosphere on some planetary bodies leads to spectral effects from space weathering in
VNIR-SWIR [85] and thermal gradient in the TIR [86,87], which lead to difficulties in the
interpretation of spectra. Additionally, the designs of existing instruments were intended
for accomplishing the specific scientific objectives of a mission; thus, different instruments
have different caveats, even if equivalent geological information can be retrieved. For
instance, the LRO Diviner can retrieve silica content, but this is achieved by using the
Christiansen feature of TIR spectra rather than reststrahlen bands, which was the case in
this work [74,88,89].

5. Conclusions

The remote sensing data from various instruments (ASTER, Hyperion, Landsat) were
used to map the mineral groups of mainly volcanic and secondary volcanic surfaces of the
Altiplano-Puna Volcanic Complex, which are sound analogs of these types of surface on
the Moon and Mars. Although mineral maps covering 10,000 s to 100,000 km? scales of
the APVC are some of the fundamental resources used to conduct geological field work
and planetary analog studies, they have not been created before. Using a combination
of Earth observation instruments with comparable characteristics to lunar and Martian
orbital instruments, we characterized, with different techniques, the alteration minerals,
iron-bearing minerals, feldspar minerals, and silica percentages of bulk rocks. Three areas
of particular interest for planetary analog studies were highlighted in this work, although
other areas not mentioned in detail were also noteworthy for further investigations. The
results of our maps were consistent with existing geological maps and a previous study
performed locally at the Azufre volcano, and they also showed consistency, to varying
degrees, with the geochemical analysis of samples compiled from past studies and mea-
surements performed at CRPG. The benefits and limitations of each dataset and method
were evaluated, and we observed that synthetically analyzing remote sensing datasets with
different characteristics (e.g., wavelength range, spatial extent, spectral resolution) leads
to more confident qualitative and quantitative interpretations of minerals and rocks over
large areas.

One immediate impact of this work on the current state of planetary analog studies
is the detection of feldspar spectral signatures on non-anorthositic rocks. Our feldspar
detections at Chanka dome and Dacite Dome D influenced on-going efforts to refine the
spectral detection of feldspar minerals on rocks other than anorthosites through laboratory
measurements [31] and Mars CRISM hyperspectral imagery [32]. A laboratory analysis,
by Barthez et al. [31], of entire feldspathic rocks of varied nature indicated that volcanic,
plutonic, and metamorphic feldspathic rocks all show the spectral signature of plagioclase
feldspars. Our observation of feldspar spectral signatures at Chanka dome (dacitic volcanic
rock) and its sample analysis is consistent with their study. This supports the detection of
the feldspar spectral signatures of non-anorthositic rocks on Mars by Flahaut et al. [32].
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Appendix A

Table Al. Summary of remote sensing-data used in this work.

Instrument Data Type ID! Map

LC08_L1TP_001075_20200727_20200807_01_T1
LC08_L1TP_001076_20200727_20200807_01_T1
LCO08_L1TP_001077_20200727_20200807_01_T1

_ LC08_L1TP_233075 20200618 20200625 01_T1

Level 1 Radiance LC08_L1TP_232076_20200729_20200807_01_T1
LC08_LITP_233076_20200805_20200821_01_T1
LCO08_L1TP_232077_20200729_20200807_01_T1
LCOS_LITP_233077_20200805_20200821 01 T1

Background imagery

Landsat 8 OLI

LCO8_1.2SP_233075_20141125_20200910_02_T1 Ironbeari el
Level 2 Reflectance LC08_L2SP_233076_20141109_20200910_02_T1 fof‘ earing I{ﬂmerf S
LCO08_L2SP_233077_20141109_20200910_02_T1 alteration minerals

EO1H2320772002361111PP
EO1H2330752011245110KF
EO1H2330762008075110P2
EO1H2330762012034110KF
EO1H2330762016250110PF
EO1H2330762016269110PF

Iron-bearing minerals,
alteration minerals,
feldspar minerals

EO-1 Hyperion Level 1 Radiance

AG100.v003.-21.-068.0001.h5
AG100.v003.-21.-069.0001.h5
AG100.v003.-22.-068.0001.h5
AG100.v003.-22.-069.0001.h5
AG100.v003.-23.-068.0001.h5
AG100.v003.-23.-069.0001.h5
AG100.v003.-24.-068.0001.h5
AG100.v003.-24.-069.0001.h5

Terra ASTER GED AG 100 Silica percentage

1 “Landsat Product Identifier”, “Entity ID”, and “Local Granule ID” for Landsat 8 OLI, EO-1 Hyperion, and Terra
ASTER data, respectively.
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Appendix B

Table A2. Wavelengths used for computing the feldspar band-depth index with EO-1 Hyperion. The
last row shows the mean.

As Ac A

0.783 1.003 1.225 1.548

0.793 1.013 1.235 1.558

0.803 1.023 1.245 1.568

0.813 1.033 1.255 1.578

0.824 1.044 1.266 1.588

0.844 1.064 1.286 1.609

0.854 1.074 1.296 1.619

0.864 1.084 1.629

0.875 1.639

0.884 1.649

1.659

1.669

1.679

1.689

1.699

1.709

0.834 1.043 1.261 1.629
Appendix C

Table A3. Summary of the differences in silica content derived from ASTER GED using Equation (7)
and measured in geochemical laboratories.

SiO, Abs. Diff. 0-5 5-10 10-15 15-20 +20
% of samples 38 25 22 5 10
no. samples at CRPG 0 4 1 0 2
Appendix D

Rock samples from previous field campaigns were ground in an agate mortar. Major
element analyses were performed by ICP-OES at the Service d’Analyse des Roches et des
Minéraux (SARM) facility in Nancy, France (https://sarm.cnrs.fr/index.html, (accessed on
24 January 2022)). Data can be found in the Supplementary Material.
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Appendix E
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Figure A1. (a) Landsat 8 OLI radiance true color imagery of the APVC. Sampling locations used for
comparison to ASTER silica content map are shown and grouped by source reference. The group
“Godoy references” includes Godoy [90] and Godoy et al. [28,71,91]. The group “Multiple references”
includes Francis et al. [92], Freymuth et al. [93], Mamani et al. [94], and Rogers and Hawkesworth [95].
(b) Geological map of Chile from Servicio Nacional de Geologia y Mineria [69]. Some geological units
and features mentioned in the main text are indicated. Red triangles indicate volcanoes: 1 Azufre
and Chanka, 2 San Pedro-San Pablo and La Porufia, 3 Lascar, 4 El Negrillar. Full descriptions of the
geological units are extensive, and the reader is referred to [69]. (c) Landsat 8 OLI reflectance DCS
using bands 7, 6, and 4 as red, green, and blue, respectively. (d) ASTER DCS using bands 14, 12, and
10 as red, green, and blue, respectively. On all four maps, three regions selected in this study are
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indicated by rectangles, and the approximate APVC boundary is shown.
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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 TiO, 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 + TiO,) abundance of pristine basalts and are less influenced
by ejecta contamination; (2) in every quadrant of Mare Frigoris, the (FeO + TiO,) 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 + TiO;) 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.

Remote Sens. 2022, 14, 2725. https:/ /doi.org/10.3390/rs14112725 118 https:/ /www.mdpi.com/journal /remotesensing



Remote Sens. 2022, 14, 2725

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 WCEF5 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 + TiO,) 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 TiO,
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 (IB), 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.
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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, TiO,, and Bouguer gravity anomaly maps
were generated using the Clementine UV VIS 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/ceSweb/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° x 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.
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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).
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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 (ITBD)
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 WCEF?7 [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 TiO, 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 TiO, 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 TiO, 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 Astrogeology
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 TiO, 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.
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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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Figure 5. Normalized TB maps of Mare Frigoris at night: (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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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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Figure 7. (a) FeO and (b) TiO, abundance maps of Mare Frigoris (equidistant cylindrical projec-
tion). The (a) black and (b) white lines are the geologic boundaries of Mare Frigoris mapped by
Kramer et al. [2].

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 + TiO;) 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-1-1grs-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 WCEF6 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.
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Figure 8. Change in simulated TB with (FeO + TiO,) abundance and surface temperature [34,35]. TO
is the supposed surface temperature (unit: K), which is given as 390 K and 300 K (typical daytime
temperatures) and 200 K and 100 K (typical nighttime temperatures).
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Figure 9. Bouguer gravity anomaly of Mare Frigoris (equidistant cylindrical projection). The black
lines are the basaltic unit boundaries of Mare Frigoris mapped by Kramer et al. [2].

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
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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,
WEF5, 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 + TiO;) abundance of pristine basalts, which is not as
influenced by the ejecta contamination as the UVVIS-based FeO and TiO, abundances, as
shown in Figure 7.

Moreover, the correspondence between the TBD results and the basaltic units is good
in the WE, WCE 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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Figure 10. TB difference map of Mare Frigoris at 37 GHz (equidistant cylindrical projection). The
black lines are the geologic boundaries determined by Hiesinger et al. [10].

3.2. n'TB 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, TiO,, and FTA values mapped by Kramer et al. [2] and the four-
channel TBDs of the WF1, WEF2, WE3, WF4, and WF5 units.

TBD (K) .
Units FeO (wt %) TiO; (wt %) FTA (wt %)  Age (Ga)
3.0 GHz 7.8 GHz 19.35GHz 37 GHz

WF1 4.0 7.9 17.8 35.8 13-14 1 14-15 3.72
WEF2 4.3 8.5 18.4 36.0 12 <1 12-13 3.54
WE3 4.2 8.8 19.5 38.0 12 1 13 3.39
WF4 6.6 12.8 24.5 44.5 16 34 19-20 <3.39
WE5 7.3 155 30.9 53.2 18 67 24-25 <WF4

In the WF quadrant, the TBD is highest in the WEF5 unit and second highest in the
WEF4 unit. Correspondingly, the nTB of the WE5 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 WEF5 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 WEF3 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
WE3 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 WE3 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 WE3 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, TiO,, 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 () FeO (wt %) TiO, (wt %) FTA (wt %)  Age (Ga)
3.0 GHz 7.8 GHz 19.35GHz 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 49 9.6 20.6 38.4 13-14 1 14-15 3.46
WCE3 (W) 49 9.1 19.5 36.4 13-14 1 14-15 3.46
WCE3 (E) 49 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 22.3 427 14-15 2 16-17 <3.11
WCF7 49 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 WEF2 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 WCE3 unit includes two parts: the western WCE3 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 Kat7.8 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 WCEF3 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 WCE3 (Figure 12).
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Figure 11. The profiles of the 37-GHz TBD from the western WCF1 (WCF1 (W)) to the western WCF3
(WCEF3 (W)), from the WCF4 unit to the ECF6 unit, and from the WCF5 unit to the eastern WCF3
(WCES3 (E)). The black dashed line represents the boundary between the basaltic units mapped by
Kramer et al. [2]. The locations of the profiles are shown in Figure 6d (orange lines).
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Figure 12. New geologic sketch of basaltic units in Mare Frigoris (equidistant cylindrical projection).
The numbers after the unit names represent the ages in Ga. The base map is the TBD at 37 GHz.

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 WCEF5 unit is located in the southeast of the WCF quadrant, and the FeO and TiO,
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 WCEF3. Therefore, the FTA of
the WCEF5 unit should be lower than that of the eastern WCF3.

In WCF6 unit, the TBD is significantly higher than that of the surrounding WCF1,
WCEF3, 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 WCEF7 units.

The WCEF7 unit has the highest TBD results at 19.35 and 37 GHz, corresponding to the
highest FeO and TiO, 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 WCE3 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
WCFA4 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 n'TB 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 TiO, 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
0.1Kat3.0 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.

132



Remote Sens. 2022, 14, 2725

Table 3. The SCREP-based FeO, TiO,, 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 %) TiO; (wt %) FTA (wt %)

3.0 GHz 78 GHz 19.35GHz 37 GHz

Age (Ga)

ECF1

4.1 8.2 17.6 34 14 1 15

3.56

ECEF2

4.1 9 19.3 38.2 15 1.5 16.5

3.54

ECEF3

45 10.2 235 46.1 14 17

3.47

ECF4

4 7.8 171 34.4 13 14

3.56

ECF5

4.1 7.8 17.6 34 11-12 12-13

3.56

ECF6

N[ R |, | W

5 10.2 21.2 39.6 16 18

<347

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 TiO, 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, TiO,, 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 %) TiO, (wt %) FTA (wt %)
3.0 GHz 7.8 GHz 19.35GHz 37 GHz

Age (Ga)

EF2

4.5 10 21.7 413 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 TiO,
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 TiO; 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 WCE3 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 n'TB and TBD values are consistent with the boundaries
of the basaltic units in the WE, WCE, 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.
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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,
ECEF3, 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, TiO, 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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Figure 13. The SCREP-based FeO, TiO,, and FTA values mapped by Kramer et al. [2] and the
four-channel TBDs of all units.

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 TiO, 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:

Y(xi—-x)} _]/)
" e ¢z

where X = % Y" | x; is the mean value of data X and j = 1 & Yiq yi is the mean value of
data Y. The CoeffiC1er1t ryy ranges from —1 to 1. If the two sets of data are directly related, ryy

)
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Pearson correlation coefficient
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is positive; otherwise, it is negative. The closer the absolute value of 4, is to 1, the stronger
the correlation between the two sets of data, and the two sets of data do not correlate when
ryy = 0[37,38].
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Figure 14. Pearson correlation coefficients between the TBD and the SCREP-based FeO, TiO,, and
FTA values of the basaltic units mapped by Kramer et al. [2].

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 TiO, 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 + TiO,) 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 WE3 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
WEF4 and WEF5 units, which is reflected in the gradually decreasing TBD of the WE5 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 WCEF6 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.

-50 -40 =30 =20 -10 0 10 20 30

Figure 15. Rock abundance map of Mare Frigoris (equidistant cylindrical projection). The white lines
are the geologic boundaries of Mare Frigoris mapped by Kramer et al. [2]. The rock abundance data
were downloaded from https://ode.rsl.wustl.edu/moon/index.aspx (accessed on 21 February 2013).

However, the n'TB 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.
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Figure 16. (a) 3.0-GHz normalized TB map at noon and (b) Bouguer gravity anomaly map of Mare
Frigoris (equidistant cylindrical projection). The blue dash lines indicate the range of the warm
microwave anomaly in Mare Frigoris. The black lines are the geologic boundaries of Mare Frigoris
mapped by Kramer et al. [2].

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 + TiO,) 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 + TiO,) abundance of pristine basalts and are less influenced by
ejecta contamination when compared to SCREP-based FeO and TiO; abundances.

(2) Based on the nTB and TBD results, the SCREP-based (FeO + TiO;) abundance, and the
superposition relationship of the stratum, it was found that, in most quadrants of Mare
Frigoris, the (FeO + TiO,) 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 + TiO,) 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 + TiO,) 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.

Author Contributions: Conceptualization, Z.M. and ]J.L.; methodology, Z.M. and Y.W.; software,
J.L.; validation, Y.W., S.H. and J.P; formal analysis, Z.M. and Z.C.; data curation, ZM. and Y.W.;
writing—original draft preparation, J.L. and Z.M.; writing—review and editing, J.L., ZM., YW., S H.,
J.P, Z.C. and Y.Z,; visualization, Z.M. and Y.Z.; supervision, Y.W. and S.H.; project administration,
Z.M.; funding acquisition, Z.M. and Y.W. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the National Key R & D Program of China (No. 2021YFA0715104),
the National Natural Science Foundation of China (No. 42071309), the Strategic Priority Research
Program of the Chinese Academy of Sciences (No. XDB 41000000), the Opening Fund of the State Key
Laboratory of Lunar and Planetary Sciences (Macau University of Science and Technology), Macau
FDCT grant number 119/2017/A3, and the Science and Technology Development Fund (FDCT) of
Macau (No. 0059/2020/A2).

140



Remote Sens. 2022, 14, 2725

Data Availability Statement: In this study, the MRM data were downloaded from https://moon.
bao.ac.cn/ce5web/moonGisMap.search (accessed on 1 September 2019), the Clementine UVVIS data
were downloaded from https:/ /astrogeology.usgs.gov/search/map/Moon/Clementine /UVVIS/
Lunar_Clementine_UVVIS_WarpMosaic_5Bands_200m (accessed on 9 February 2022), the WAC
images were downloaded from https://wms.Iroc.asu.edu/Iroc/search (accessed on 20 June 2010),
the GRAIL data were downloaded from https:/ /pds-geosciences.wustl.edu/grail / grail-1-1grs-5-rdr-
v1/grail_1001/shadr/ (accessed on 27 April 2016), and the Rock abundance data were downloaded
from https://ode.rsl.wustl.edu/moon/index.aspx (accessed on 21 February 2013).

Acknowledgments: The authors express their thanks to the people who aided this work, the
providers of the data used in this article, and acknowledge the valuable suggestions provided
by the peer reviewers.

Conflicts of Interest: The authors declare no conflict of interest regarding the publication of this paper.

References

1.  Whitford-Stark, J.L. The volcanotectonic evolution of Mare Frigoris. In Proceedings of the Lunar and Planetary Science Conference,
Houston, TX, USA, 12-16 March 1990; pp. 175-185.

2. Kramer, G.; Jaiswal, B.; Hawke, B.; Ohman, T.; Giguere, T.; Johnson, K. The basalts of mare Frigoris. ]. Geophys. Res. Planets 2015,
120, 1646-1670. [CrossRef]

3. Williams, N.R; Bell, J.F,, III; Watters, T.R.; Banks, M.E.; Daud, K.; French, R.A. Evidence for recent and ancient faulting at Mare
Frigoris and implications for lunar tectonic evolution. Icarus 2019, 326, 151-161. [CrossRef]

4. Giguere, T.; Hawke, B.R.; Gaddis, L.; Gustafson, J.; Lawrence, S.; Stopar, J.; Mattson, S.; Robinson, M. Geologic studies of volcanic
constructs in eastern Mare Frigoris. In Proceedings of the Lunar and Planetary Science Conference, The Woodlands, TX, USA,
17-21 March 2014; p. 1318.

5. Albin, E.; Harris, R. Volcanism Within Mare Frigoris: Further Evidence for Recent Eruptions on the Moon. In Proceedings of the
Lunar and Planetary Science Conference, The Woodlands, TX, USA, 16-20 March 2015; p. 2633.

6. Andrews-Hanna, J.C.; Besserer, J.; Head, ] W., III; Howett, C.J.; Kiefer, W.S.; Lucey, PJ.; McGovern, PJ.; Melosh, H.J.; Neumann,
G.A,; Phillips, R.J. Structure and evolution of the lunar Procellarum region as revealed by GRAIL gravity data. Nature 2014, 514,
68-71. [CrossRef]

7.  Boyce, ]. M. Ages of flow units in the lunar nearside maria based on Lunar Orbiter IV photographs. In Proceedings of the Lunar
and Planetary Science Conference, Houston, TX, USA, 15-19 March 1976; pp. 2717-2728.

8. Wilhelms, D.E,; John, F; Trask, N.J. The Geologic History of the Moon; USGS: Reston, VA, USA, 1987; pp. 2330-7102.

9.  Staid, ML.I; Pieters, C.M. Integrated spectral analysis of mare soils and craters: Applications to eastern nearside basalts. Icarus
2000, 145, 122-139. [CrossRef]

10. Hiesinger, H.; Head, J., IIl; Wolf, U.; Jaumann, R.; Neukum, G. Ages and stratigraphy of lunar mare basalts in Mare Frigoris
and other nearside maria based on crater size-frequency distribution measurements. J. Geophys. Res. Planets 2010, 115, E03003.
[CrossRef]

11.  Morota, T.; Haruyama, J.; Ohtake, M.; Matsunaga, T.; Honda, C.; Yokota, Y.; Kimura, J.; Ogawa, Y.; Hirata, N.; Demura, H. Timing
and characteristics of the latest mare eruption on the Moon. Earth Planet. Sci. Lett. 2011, 302, 255-266. [CrossRef]

12.  Kramer, G.Y. Characterizing bedrock lithologies using small crater rims and ejecta probing (SCREP). Adv. Space Res. 2010, 45,
1257-1267. [CrossRef]

13.  Kramer, G.Y.; Combe, J.P,; Harnett, EM.; Hawke, B.R.; Noble, S.K.; Blewett, D.T.; McCord, T.B.; Giguere, T.A. Characterization of
lunar swirls at Mare Ingenii: A model for space weathering at magnetic anomalies. |. Geophys. Res. Planets 2011, 116, E04008.
[CrossRef]

14.  Weider, S.Z.; Crawford, I.A.; Joy, K.H. Individual lava flow thicknesses in Oceanus Procellarum and Mare Serenitatis determined
from Clementine multispectral data. Icarus 2010, 209, 323-336. [CrossRef]

15.  Campbell, B.A.; Carter, L.M.; Hawke, B.R.; Campbell, D.B.; Ghent, R.R. Volcanic and impact deposits of the Moon’s Aristarchus
Plateau: A new view from Earth-based radar images. Geology 2008, 36, 135-138. [CrossRef]

16. Fang, T.; Fa, W. High frequency thermal emission from the lunar surface and near surface temperature of the Moon from
Chang’E-2 microwave radiometer. Icarus 2014, 232, 34-53. [CrossRef]

17. Meng, Z.; Hu, S.; Wang, T,; Li, C; Cai, Z.; Ping, J. Passive microwave probing mare basalts in mare imbrium using CE-2 CELMS
data. IEEE ]. Sel. Top. Appl. Earth Obs. Remote Sens. 2018, 11, 3097-3104. [CrossRef]

18. Jin, Y,; Yan, F; Liang, Z. Simulation of brightness temperature from the lunar surface using multi-channels microwave radiometers.
Chin. ]. Radio Sci. 2003, 18, 477-486.

19. Hu, G,; Chan, K.L.; Zheng, Y.; Tsang, K.T.; Xu, A. Comparison and evaluation of the Chang’E microwave radiometer data based
on theoretical computation of brightness temperatures at the Apollo 15 and 17 sites. Icarus 2017, 294, 72-80. [CrossRef]

20. Mustard, J.F; Head, ].W. Buried stratigraphic relationships along the southwestern shores of Oceanus Procellarum: Implications

for early lunar volcanism. |. Geophys. Res. Planets 1996, 101, 18913-18925. [CrossRef]

141



Remote Sens. 2022, 14, 2725

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

Xie, M.; Xiao, Z.; Zhang, X.; Xu, A. The provenance of regolith at the Chang’e-5 candidate landing region. J. Geophys. Res. Planets
2020, 125, €2019JE006112. [CrossRef]

Zheng, Y.; Tsang, K.; Chan, K; Zou, Y.; Zhang, F; Ouyang, Z. First microwave map of the Moon with Chang’E-1 data: The role of
local time in global imaging. Icarus 2012, 219, 194-210. [CrossRef]

Zheng, Y.; Chan, K.L.; Tsang, K.T.; Zhu, Y.; Hu, G.P;; Blewett, D.T.; Neish, C. Analysis of Chang'E-2 brightness temperature data
and production of high spatial resolution microwave maps of the Moon. Icarus 2019, 319, 627-644. [CrossRef]

Fa, W,; Jin, Y. A primary analysis of microwave brightness temperature of lunar surface from Chang-E 1 multi-channel radiometer
observation and inversion of regolith layer thickness. Icarus 2010, 207, 605-615. [CrossRef]

Cai, Z.; Lan, T. Lunar brightness temperature model based on the microwave radiometer data of Chang’E-2. IEEE Trans. Geosci.
Remote Sens. 2017, 55, 5944-5955. [CrossRef]

Chan, K.L.; Tsang, K.T.; Kong, B.; Zheng, Y. Lunar regolith thermal behavior revealed by Chang’E-1 microwave brightness
temperature data. Earth Planet. Sci. Lett. 2010, 295, 287-291. [CrossRef]

Meng, Z.; Chen, S.; Zheng, Y.; Cheng, W.; Zhu, Y.; Cai, Z.; Zhang, Y.; Cao, W.; Hou, L. Mare Deposits Identification and Feature
Analysis in Mare Australe Based on CE-2 CELMS Data. ]. Geophys. Res. Planets 2020, 125, e2019JE006330. [CrossRef]

Meng, Z.; Chen, S.; Wang, Y.; Wang, T.; Cai, Z.; Zhang, Y.; Zheng, Y.; Hu, S. Reevaluating Mare Moscoviense and its vicinity using
Chang’E-2 microwave sounder data. Remote Sens. 2020, 12, 535. [CrossRef]

Hu, G.; Chan, K.L.; Zheng, Y.; Xu, A. A rock model for the cold and hot spots in the Chang’E microwave brightness temperature
map. IEEE Trans. Geosci. Remote Sens. 2018, 56, 5471-5480. [CrossRef]

Heiken, G.H.; Vaniman, D.T.; French, B.M. Lunar Sourcebook, a User’s Guide to the Moon; Cambridge University Press: New York,
NY, USA, 1991.

Whitford-Stark, J.L.; Fryer, R. Origin of Mare Frigoris. Icarus 1975, 26, 231-242. [CrossRef]

Hiesinger, H.; Head, J., III; Wolf, U.; Jaumann, R.; Neukum, G. Ages and stratigraphy of mare basalts in oceanus procellarum,
mare nubium, mare cognitum, and mare insularum. J. Geophys. Res. Planets 2003, 108, 5065. [CrossRef]

Lucey, P.G.; Blewett, D.T.; Jolliff, B.L. Lunar iron and titanium abundance algorithms based on final processing of Clementine
ultraviolet-visible images. |. Geophys. Res. Planets 2000, 105, 20297-20305. [CrossRef]

Meng, Z.; Yang, G.; Ping, J.; Cai, Z.; Gusev, A.; Osei, EM. Influence of (FeO+ TiO,) abundance on the microwave thermal
emissions of lunar regolith. Sci. China Earth Sci. 2016, 59, 1498-1507. [CrossRef]

Meng, Z.; Lei, ].; Qian, Y.; Xiao, L.; Head, ].W.; Chen, S.; Cheng, W.; Shi, J.; Ping, J.; Kang, Z. Thermophysical Features of the
Riimker Region in Northern Oceanus Procellarum: Insights from CE-2 CELMS Data. Remote Sens. 2020, 12, 3272. [CrossRef]
Campbell, B.A.; Hawke, B.; Campbell, D.B. Surface morphology of domes in the Marius Hills and Mons Riimker regions of the
Moon from Earth-based radar data. . Geophys. Res. Planets 2009, 114, E01001. [CrossRef]

Lee Rodgers, J.; Nicewander, W.A. Thirteen ways to look at the correlation coefficient. Am. Stat. 1988, 42, 59-66. [CrossRef]
Zhou, H,; Deng, Z; Xia, Y.; Fu, M. A new sampling method in particle filter based on Pearson correlation coefficient. Neurocom-
puting 2016, 216, 208-215. [CrossRef]

Meng, Z.; Lei, J.; Xiao, Z.; Cao, W,; Cai, Z.; Cheng, W.; Feng, X.; Ping, J. Re-Evaluating Influence of Rocks on Microwave Thermal
Emission of Lunar Regolith Using CE-2 MRM Data. IEEE Trans. Geosci. Remote Sens. 2022, 60, 1-12. [CrossRef]

Bugiolacchi, R.; Hu, G.P. The Moon in the Microwave: Shedding New Light on the Lunar Farside. J. Geophys. Res. Planets 2022,
127, €2021JE007039. [CrossRef]

Bandfield, J.L.; Ghent, R.R.; Vasavada, A.R; Paige, D.A.; Lawrence, S.J.; Robinson, M.S. Lunar surface rock abundance and
regolith fines temperatures derived from LRO Diviner Radiometer data. |. Geophys. Res. Planets 2011, 116, EOOHO2. [CrossRef]
Keihm, S.J. Interpretation of the lunar microwave brightness temperature spectrum: Feasibility of orbital heat flow mapping.
Icarus 1984, 60, 568-589. [CrossRef]

142



remote sensing @\py

Article
Spectroscopic and Petrographic Investigations of Lunar
Mg-Suite Meteorite Northwest Africa 8687

Lang Qin 12, Xing Wu %, Liying Huang 12, Yang Liu *> and Yongliao Zou !

State Key Laboratory of Space Weather, National Space Science Center, Chinese Academy of Sciences,
Beijing 100190, China; ginlang@nssc.ac.cn (L.Q.); huangliying21@mails.ucas.ac.cn (L.H.);
yangliu@nssc.ac.cn (Y.L.); zouyongliao@nssc.ac.cn (Y.Z.)

University of Chinese Academy of Sciences, Beijing 100049, China

Center for Excellence in Comparative Planetology, Chinese Academy of Sciences, Hefei 230026, China
*  Correspondence: wuxing@nssc.ac.cn

Abstract: Magnesian suite (Mg-suite) rocks represent plutonic materials from the lunar crust, and
their global distribution can provide critical information for the early magmatic differentiation and
crustal asymmetries of the Moon. Visible and near-infrared (VNIR) spectrometers mounted on
orbiters and rovers have been proven to be powerful approaches for planetary mineral mapping,
which are instrumental in diagnosing Mg-suite rocks. However, due to the scarcity and diversity of
Mg-suite samples, laboratory measurements with variable proportions of minerals are imperative
for spectral characterization. In this study, spectroscopic investigation and petrographic study were
conducted on lunar Mg-suite meteorite Northwest Africa 8687. We classify the sample as a pink
spinel-bearing anorthositic norite through spectral and petrographic characteristics. The ground-truth
information of the Mg-suite rock is provided for future exploration. Meanwhile, the results imply that
the VNIR technique has the potential to identify highland rock types by mineral modal abundance
and could further be applied in extraterrestrial samples for primary examination due to its advantage
of being fast and non-destructive.

Keywords: meteorite; Moon; spectroscopy; Mg-suite; anorthositic norite

1. Introduction

Lunar meteorites and samples returned by the Apollo and Luna missions and the
recent Chang’E-5 program provide significant insights into the formation and evolution of
the Moon (e.g., [1-3]). Beyond that, large-scale remote-sensing observations have greatly
revolutionized our understanding of the unsampled place (e.g., [4]). Early evolutionary
models based on sample studies predicted the existence of a globally distributed layer
enriched in incompatible elements (e.g., potassium (K), rare earth elements (REE), and
phosphorus (P); referred to as KREEP) produced by the fractional crystallization of the
lunar magma ocean (LMO) [5,6]. However, global remotely sensed data reveal that only a
restrictive area on the lunar nearside shows KREEPy enrichment. This distinct province is
the so-called Procellarum KREEP Terrane (PKT), since the region is coincidentally located
in the Procellarum and Imbrium impact basin [4,7,8]. The lateral extent and distribution of
KREEP are controversial, and the crustal asymmetry would be essential for understanding
the planetary differentiation at large scales.

Ancient crustal samples bear critical information on lunar magmatic differentiation [3].
These nonmare igneous rocks, which record the early history of the Moon, mainly include
the ferroan anorthosites (FANs) and magnesian suite (Mg-suite) rocks [9-11]. The FANs
formed the primary crust by accumulating from the global magma ocean and are the main
components (probably 80%) of lunar highlands [12]. Mg-suite rocks, also known as Mg-rich
plutonic rocks, likely represent materials from the lower lunar crust [3]. Due to their deep
crustal origin, few outcrops are present on the lunar surface, and the Mg-rich rocks account
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for merely a tiny proportion of lunar samples (around 0.7% of 381.7 kg samples returned by
the Apollo programs [10]). Despite this, the global distribution of Mg-suite rocks is crucial
for constraining its petrogenesis and the last evolutionary stage proposed by the LMO
hypothesis [13]. Early research on the Apollo returned sample suggested that Mg-suite
magmatism was strongly controlled by KREEPy magma [3,13,14]. Namely, the distribution
should be closely associated with the geochemical anomalous PKT [4]. Nevertheless, the
trace elemental gap between lunar meteorites and the Apollo samples [15-17], along with
new laboratory models [18], indicate that high magnesian rocks can be crystallized from
KREEP-free melts; that is, the distribution of Mg-suite rocks could be Moon-wide. Whether
Mg-suite rocks are widespread and their petrogenetic link to the last dregs of magma ocean
holds the keys to unlocking the mysteries of their origin and asymmetries on the planetary
body, while it remains an unsolved enigma in lunar science.

The possible Mg-suite materials on the lunar surface can be identified by discerning
varied pyroxene- and olivine-bearing assemblages and Mg-spinel [13,19-21]. Visible and
near-infrared (VNIR) spectroscopy has the potential to differentiate various minerals [13,22];
hence, it has attracted increasing attention over the past decades. Several spectral surveys
identified Mg-suite clusters in the eastern South Pole-Aitken (SPA) and the northern rim of
the Imbrium Basin [13]. Cahill et al. [23] detected Mg-suite exposures in central peaks of
craters. However, the identical spectra could lead to different interpretations. For instance,
the mineral compositions of lunar rocks in the SPA decoded from the VNIR spectra of the
Yutu-2 rover yielded significant differences [24,25]. It is challenging to validate the mapping
results. The ground-truth information is essential in calibrating and interpreting spectral
features, while extensive laboratory measurements of variable proportions of minerals
are lacking, due to the scarcity and diversity of Mg-suite rocks. Furthermore, previous
laboratory spectral studies have mainly focused on bulk samples in powder form, which is
difficult to interpret the spectral characteristics of individual clasts precisely [26].

In contrast to returned samples from limited areas, lunar meteorites represent random
samplings of the lunar surface [1]. This allows meteoritic samples to contribute to a
more diverse lithological dataset. Moreover, due to the rarity of extraterrestrial samples,
non-destructive methods need to be explored for future analysis. To achieve these aims,
we followed the efforts of [26-28], and conducted a spectral survey on lunar meteorite
Northwest Africa (NWA) 8687. To well-characterize the sample, a careful petrographic
study was performed. Some of the highlights of this study are as follows:

e A new compilation of mineral chemistry of NWA 8687 is reported. Based on detailed
analyses of mineral composition and spectral investigation, the sample NWA 8687 is
confirmed as a lunar Mg-suite anorthositic norite.

e  The coordinated reflectance spectra of NWA 8687 are acquired. Unlike the VNIR
spectra of bulk samples collected in powder form, the measurement of NWA 8687 was
performed on a chip, which facilitates spectral analysis of individual rocks and clasts.

e  The VNIR spectroscopy is helpful for both the in situ characterization of lunar rocks and
non-destructive laboratory characterization of returned samples and lunar meteorites.

2. Materials and Methods
2.1. Lunar Meteorite Northwest Africa 8687

Northwest Africa (NWA) 8687 was found in a hot desert within Morocco in April
2014, and it was broken into 5 pieces, weighing a total of 563 g [29]. Based on textural and
chemical similarities, NWA 8687 is likely to be paired to the lunar granulitic anorthositic
troctolite breccia NWA 5744 clan (including paired stones NWA 5744, NWA 8599, NWA
10140, NWA 10178, NWA 10318, NWA 10401, and NWA 11252) [30-33].

The saw-cut surface of the sample used for point spectroscopy analysis in this study is
greenish-white, with large mineral grains and dark impact melt veins visible (Figure 1).
After obtaining the spectral data, a 1-inch polished thin section made with the same chip
was prepared for petrological analysis, and the area for research is around 16 x 14 mm.
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Figure 1. Photograph of lunar meteorite Northwest Africa 8687 and the location of point spectral
measurements (A-E) in this study. The frame shows the rough location of the polished thin section
for the petrographic study.

2.2. Visible and Near-Infrared Reflectance Spectroscopy

The VNIR spectra were acquired by the PSR-3500 portable spectrometer (Spectral
Evolution Inc., Lawrence, MA, USA), which covers a spectral range of 350-2500 nm, and
offers a spectral resolution of 3.5 nm at 700 nm, 10 nm at 1500 nm, and 7 nm at 2100 nm [34].
The number of spectral bands is 1024. The spectralon produced by Labsphere was used to
provide the absolute reflectance factor for spectral measurements. A 50 W halogen lamp
mounted 60 cm above the samples served as the light source in the darkroom. To facilitate
comparison with other lunar samples’ spectra, i.e., spectra from the Reflectance Experiment
Laboratory (RELAB) database, we set the incidence and emergence angles as 30° and 0°,
respectively. A total of 10 scans were averaged for each spectrum in order to improve
the signal-to-noise ratio. The fields of view of five spectral measurements are shown in
Figure 1.

2.3. Petrography and Mineralogical Analysis
2.3.1. Scanning Electron Microscope

The backscattered electron (BSE) image of the thin section of NWA 8687 was captured
by the Thermofisher Apreo field emission scanning electron microscope (FE-SEM) at the
Institute of Geology and Geophysics, Chinese Academy of Sciences IGGCAS). The instru-
ment is equipped with a QUANTAX energy dispersive spectrometer (EDS) for obtaining
Ko X-ray element maps under 15 kV and 13 nA operating conditions. The X-ray acquisition
time is 8 ms per pixel, and the spacing is 10 pm.

Mineral modal abundance is achieved by automated mineral identification based on
X-ray maps via the software NanoMin. To compare the result, we used the software Image]
to count the gray values of the BSE image, based on the principle that the values are related
to chemical compositions, and can be used as proxies for minerals.

2.3.2. Electron Probe Micro Analyzer

The quantitative analysis of main mineral phases was carried out by electron probe mi-
croanalysis (EPMA) using the JEOL JXA-8100 at the Institute of Geology, Chinese Academy
of Geological Sciences (CAGS). The acceleration voltage of the EPMA is 15 kV, and the
beam current is 20 nA. The focused beams measured 1 to 5 um, adjusted by the size of the
mineral grains. Natural minerals of known compositions were used as standards for the

145



Remote Sens. 2022, 14, 2952

corresponding minerals, and the standard used for impact melt veins was consistent with
plagioclase. All data were corrected using the ZAF method.

The bulk composition was calculated by the weight percentage of mineral phases and
their average point analysis, using the equation:

¥ xpc
Bulk = 1
T T W

where x = mineral phase abundance; p = mineral phase density; ¢ = average element
concentration.

2.4. Spectral Analysis
2.4.1. Spectral Parameters

The acquired spectrum was first smoothed using the Savitzky—Golay filter with a
window size of 11 bands and a polynomial order of 2 [35]. The continuum removal was
conducted to highlight absorption features while removing the baseline [36]. The band
center and area are widely used to differentiate the mafic minerals [37,38]. To estimate the
exact band center and area, we employed a sixth-order polynomial fitting to the absorption
regions around ~1 um and ~2 pm of the continuum-removed spectra [39]. The band center
is defined as the wavelength with the minimum value according to the polynomial function.
The band area is defined as the area covered by the absorption band of a given absorption
feature. The band area ratio (BAR) is the ratio of the Band II (2 um) area to the Band I
(1 um) area.

2.4.2. Spectral Similarity Measurement

We collected all available RELAB reflectance spectra of lunar samples and searched
for the best matches between NWA 8687 spectra and the library spectra. The spectral
angle mapper (SAM) is a tool that permits the rapid mapping of spectral similarity. The
SAM algorithm (Equation (2)) determines the similarity of two spectra by calculating
the angle parameter 6 (in degree) between them [40]. Smaller spectral angles indicate a
higher similarity between the NWA 8687 spectra and the laboratory spectra. The reason for
choosing the SAM technique is that it concentrates on the spectral shape and is insensitive
to absolute reflectance associated with illumination or albedo effects.

1 Yh iy
\/ZiLzl x7 \/ZiLzl U

where x and y are spectra from the RELAB database and NWA 8687, respectively.

As the spectra of NWA 8687 and the RELAB database were measured using different
spectrometers, we performed the spectral resampling first to ensure the success of the
comparison using SAM. A total of 884 RELAB spectra of returned samples and lunar
meteorites have been investigated. We ranked the matching results in ascending order
of the spectral angle. The spectrum with the smallest spectral angle was selected as the
best match.

0 = cos™

@

2.4.3. Spectral Unmixing

The signal collected by a spectrometer is often a mixture of light scattered by substances
located in the field of view [41]. To separate the observed spectrum into a collection of pure
endmember spectra and their respective abundances, both the linear and nonlinear mixing
models were proposed. The reflectance spectra of meteorite chip surfaces can be regarded
as linear mixtures, since minerals are separated from one another on a much larger scale
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than the average grain size and wavelength, so that reflected light from different minerals
do not interact significantly [27]. The observed spectrum y can be represented as follows:

y=Mx+n 3)

where y € RL*1 g the spectral vector with L bands, M € RL*4 is the endmember matrix
containing g pure endmembers, «€R7*! is the abundance vector, and n € RE*! denotes
the additive perturbation due to spectral noise and modeling error. The abundance vector
should follow two physical constraints, namely the abundance nonnegativity constraint
(ANC) and the abundance sum-to-one constraint (ASC):

x>0 4)

1Ta=1 (5)

where 17 is a line vector of 1’s compatible with .

In this work, we used the linear unmixing model with two physical constraints [42]
to derive mineral abundances. Plagioclase, pyroxene, olivine, and ilmenite were used
as endmembers, for the reason that they are the four major minerals of the Moon [43].
The pyroxene contains clinopyroxene and orthopyroxene, and the plagioclase includes
plagioclase glass (maskelynite). The endmembers were manually selected based on the
petrographic results and are exhibited in Figure 2. The spectra of endmembers were
collected in powder form, while that of NWA 8687 were in chip form. For meteorite chips,
the reflectance of the left shoulder of 1 um absorption is greater than the right shoulder
of 2 um absorption. Thus, measuring the samples as chips rather than particulates led
to a pronounced negative continuum slope [26]. The continuum removal was performed
on both the endmember and NWA 8687 spectra first, and then the linear unmixing was
conducted on the continuum removed spectra.

(a) 08

07F

Reflectance

S00 1000 wavell::lllgth (“m) 2000 2500 ) S00 1000 wavell;:;gth (nm) 2000 2500
Figure 2. (a) Visible and near-infrared (VNIR) reflectance spectra and (b) spectra after continuum
removal of endmembers used for spectral unmixing. Spectral ID: clinopyroxene (C1DL84A), or-
thopyroxene (C1LR209), plagioclase (C1LR223), maskelynite (C1LR222), ilmenite (C1LR222), and
olivine (C2PO81).

3. Results
3.1. Petrography and Mineral Modal Abundance

The meteorite NWA 8687 shows a porphyritic texture, with large phenocrysts embed-
ded in the fine-grained matrix and impact melt veins crosscutting the samples (Figure 3).
Few clasts are present in the sample, indicating that NWA 8687 is a monomict breccia.
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Figure 3. (a) backscattered electron (BSE) image of a polished section of NWA 8687. (b) Distribution
of main minerals in NWA 8687 based on X-ray element maps.

The sample in this study mainly consists of plagioclase (or maskelynite; 67.1-71.8 vol.%),
pyroxene (16.5-20.8 vol.%), and olivine (11.6-11.8 vol.%), along with minor spinel
(0.1-0.2 vol.%) (Table 1). Accessory minerals include Fe-Ni metals (0.07 vol.%), troilites
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(0.04 vol.%), ilmenites (0.04 vol.%), and baddeleyites (0.0002 vol.%). Compared with pairs
NWA 5744 and NWA 10401 [15,32], NWA 8687 has more pyroxene and less olivine.

Table 1. Mineral modal abundance in the lunar meteorites NWA 8687 compared to pairs NWA 5744
and NWA 10401 (in vol. %).

NWA 8687 NWA 5744 1 NWA 10401 2
Method 3 :
NanoMin BSE BSE XMapTool IDRISI Selva
Plagioclase * 67.10 71.8 67 59 65
Olivine 11.80 11.6 26.3 26 23
Total pyroxene * 20.77 16.5 6.6 15 12
High-Ca pyroxene 1.03 - - - -
Low-Ca pyroxene 19.74 - - - -
Spinel/chromite 0.18 0.1 0.1 0.001 0.001
Metal 0.07 - - - -
Troilite 0.04 - - - -
Ilmenite 0.04 - - - -
Baddeleyite 0.0002 - - - -
Total 100 100 100 100 100

* Plagioclase includes plagioclase glass (maskelynite). Total pyroxene is the sum of high-Ca pyroxene and low-Ca
pyroxene. 1 Data from Ref. [32]. 2 Data from Ref. [15]. 3 Abbreviations represent modal abundance calculated by
NanoMin, XMapTool, IDRISI software, or by backscattered electron (BSE) image grayscale statistics.

3.2. Mineral Chemistry

Major elements of the four major mineral phases in NWA 8687 were analyzed in this
study. The representative analyses of individual minerals and estimated bulk composition
are given in Table 2 and Supplementary Tables S1-S5.

Table 2. Representative EPMA analysis of olivine, pyroxene, plagioclase (or maskelynite), spinel, and
impact melt vein, and estimated bulk composition of lunar meteorite NWA 8687 (in wt.%).

Olivine Pyroxene Plagioclase Spinel Vein Bulk !
n Grain Matrix Vein Low-Ca  High-Ca Grain Matrix Mg-Al Cr-Fe
17 9 5 14 12 8 6 5 4 6
SiO; 38.73 38.69 38.65 53.96 51.31 45.03 4478 0.46 0.45 46.03 46.16
TiO, 0.04 0.08 0.06 0.69 1.30 0.02 0.03 0.46 5.41 0.29 0.20
Al O3 0.08 0.12 0.02 1.34 2.09 34.84 35.04 57.36 19.53 23.41 22.36
Cr03 0.04 0.04 0.04 0.40 0.67 0.01 0.04 8.93 37.78 0.15 0.17
V7,03 - - - - - - - 0.23 0.51 - 0.001
FeO 20.98 21.15 20.60 12.52 7.77 0.13 0.18 15.59 26.85 5.40 5.82
MnO 0.23 0.23 0.23 0.23 0.18 0.01 0.01 0.13 0.30 0.08 0.09
MgO 39.26 38.94 39.83 27.47 16.31 0.12 0.08 16.42 8.44 10.28 11.66
CaO 0.12 0.17 0.08 2.64 19.81 19.17 19.03 0.07 0.12 13.65 12.85
NiO 0.01 0.01 0.01 - - - - - - - 0.001
CoO 0.04 0.04 0.04 - - - - - - - 0.01
Na,O 0.01 0.02 0.02 0.02 0.08 0.36 0.37 - - 0.27 0.24
KO 0.01 0.01 0.01 0.01 0.01 0.01 0.02 - - 0.01 0.01
P,05 0.01 0.02 0.01 0.02 0.02 0.01 0.02 - - 0.03 0.02
Total 99.56 99.53 99.62 99.31 99.55 99.72 99.61 99.66 99.39 99.59 99.57

1 Bulk composition is estimated by Equation (1).

3.2.1. Pyroxene

Pyroxene is the most abundant mafic mineral in NWA 8687. It appears throughout
the sample as orthopyroxene (OPX; 19.74 vol.%) and a small amount of clinopyroxene
(CPX; 1.03 vol.%). These two phases belong to low-Ca pyroxenes and high-Ca pyroxene,
respectively. The CPX presented as phenocrysts in the slab, along with OPX, whereas no
exsolution texture was seen. In the matrix, low-Ca pyroxene and olivine usually grew
together, surrounded by anhedral plagioclase glass (maskelynite) (Figure 4c).
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Figure 4. Backscattered electron (BSE) images of (a) an olivine phenocryst. The frame shows the
location of figure (c). (b) A Mg-spinel in the matrix. (c) Fine-grained matrix, and (d) some mineral
relicts are visible in the impact melt vein.

The composition of OPX in NWA 8687 is Mg-rich (Engs.7 Fs17.20 Wo3.20; 11 = 14), while
the CPX has a compositional range of Enys.50 Fs19.16 Wo3s.43 (1 = 12) (Figure 5a). The Mg
number (Mg#; molar Mg/(Mg + Fe) x 100) in pyroxene ranges from 72.8 to 83.0, with an
average of 79.3. The pyroxene composition of NWA 8687 is consistent with that of NWA
5744 and NWA 10401 [15,32], apart from a slightly lower calcium content.

Figure 5. Pyroxene (a) and olivine (b) composition for NWA 8687, compared with a counterpart
from pairs NWA 5744 and NWA 10401 [15,32]. Di—diopside, Hd—hedenbergite, En—enstatite,
Fs—ferrosilite, and Fo—forsterite.

3.2.2. Olivine

Phenocryst olivine was distributed occasionally in the matrix, with grain sizes up to
700 um (Figure 4a). Fine-grained olivine was also ubiquitous in the matrix, with varying
sizes of several to tens of micrometers (Figure 4c). Cracks were on the surface of each
olivine grain.

The composition of olivine in NWA 8687 is identical and forsteritic, with a high Mg#
of 76.9 on average. The forsterite (Fo) contents of the 31 selected olivine grains varied

150

; b
Di Hd o wassry P
Diopside Hedenbergite 3 ‘ NWA 5744
A NWA 10401
Augite
O
é MM A DS
Pigeonite
(@10 (@]
CIifioe ite/Enstatite Clinoferrosilite/Ferrosilite
| T T T 1
Fs 70 75 80 85

90



Remote Sens. 2022, 14, 2952

between 75.8 to 77.7 mol%, with an average of 76.9 £ 0.6 mole%. However, compared to
the NWA 5744 clan, olivine in NWA 8687 is relatively depleted in Mg (Figure 5b).

3.2.3. Plagioclase and Maskelynite

The feldspar in NWA 8687 is predominantly plagioclase (Ca-rich feldspar), with a
narrow range of compositions (Angs.¢_97.5 Abg.4 4.2 Org.2) (1 = 14). Some of them exist
in the sample as phenocryst (plagioclase) (Figure 3), and some are devitrified to glass
(maskelynite). This article will not distinguish these two phases particularly.

3.2.4. Spinel

Spinel is a general term for a series of oxide minerals with diverse compositions,
which can be represented by the spinel multicomponent prism [44]. It is common in mare
basalts, and most lunar spinel is iron-rich, with components falling between chromite and
ilmenite [43]. Remote-sensing observations have shown that Mg-rich spinel (also known as
pink spinel) are ubiquitous on the lunar surface [20,21], while spinel of this composition is
rare in lunar samples, most of which are highland rocks (e.g., pink spinel troctolite) [43].

A magnesian spinel surrounded by chromites and ilmenites in NWA 8687 is shown in
Figure 4b. The Cr# (molar Cr/(Cr +Al) x 100) and Mg# (molar Mg/(Mg + Fe) x 100) of
the Mg-spinel are in the range of pink spinel (Figure 6), although it still does not reach the
component observed by the M® (Mg# > 90, Cr# < 5) [21].
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Figure 6. Spinel composition in NWA 8687 relative to compositional range from M? (after Ref. [21]);
also compared with spinel in pair stone NWA 10401 [15], as well as in mare basalts [45] and pink
spinel troctolites [46-54].

3.2.5. Impact Melt Veins

Several impact melt veins presented as crosscutting the NWA 8687, and there were
mineral relicts in veins that were not completely melted (Figure 4d). A total of six spots
were analyzed in the study, and the result was shown to be chemically homogenous.
Notably, the average composition of these impact melt veins is almost consistent with that
of the entire rock (Table 2), with an Mg number of 78.

3.3. Minerlogy Inferred from VNIR Spectroscopy
3.3.1. Qualitative Analysis
As demonstrated in Figure 7, the VNIR spectra of NWA 8687 are characterized by two

broad and strong absorptions at ~900 nm and ~1900 nm, demonstrating the presence of
low-Ca pyroxene. The weak absorption at ~1250 nm indicates the occurrence of abundant
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plagioclase in NWA 8687. This feature can be easily muted by mafic minerals. For example,
the spectral mixture model shows that only 2 vol.% pyroxene could mask the ~1250 nm
absorption in plagioclase [55]. The weak absorption at ~1300 is indicative of olivine.
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Figure 7. (a) Visible and near-infrared (VNIR) reflectance spectra of NWA 8687 chip surface spots
marked in Figure 1. (b) VNIR spectra after continuum removal.

The best-matched spectra are S3LS07 and CFLM34 (spectrum ID), with the spectral
angle of 1.91° and 3.18°, taken separately from the returned sample 60019.214, and lunar
meteorite Allan Hills A81005 (ALHA 81005) (Figure 8a). Sample 60019 was returned by the
Apollo 16 mission, and it has been classified as an ancient regolith breccia [56]. According to
the geochemistry data documented by RELAB, the Mg number of sample 60019.214 is 69.2,
together with an Al,O3 content of 26.3%, indicating that the sample has the characteristics
of FANs instead of Mg-suite rocks. The ALHA 81005 is a regolith breccia with various clasts,
such as basalts, FANs, and Mg-suite rocks [57], whereas the mineral modal abundance and
composition of the specified sample used for collected spectra are not available.

,,,,,,,,,,,,,,,,, B S —— e

NWA 8687

60019, 214 1

e
i
2

= NWA 8687
60019, 214
~—ALHA 81005

~———ALHA 81005

Fed
B
2

el
I
=

=
s
B
= I
M

°
£
Continuum Removal

ad
=

Reflectance normalized @ 750 nm

¢ \

———NWA 8687

——ALHA 81005 |

60019, 214

.05
400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

0.16
400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

Wavelength (nm)

0.55
400 600 800 1000 1200 1400 1600 1800

Wavelength (nm) Wavelength (nm)

Figure 8. Comparisons of NWA 8687 and the best-matched RELAB reflectance spectra of returned
lunar sample 60019, 214, and lunar meteorite ALHA 81005 using SAM algorithm. (a) Reflectance.
(b) Spectra normalized at 750 nm, and (c) spectra after continuum removal. Spectrum ID for sample
60019.214 and ALHA 81005 is S3LS07 and CFLM34, respectively.

For visual comparison, the NWA 8687 spectrum and the RELAB spectra were normal-
ized at 750 nm (Figure 8b). The continuum removal was performed (Figure 8c) to compare
the band centers and depths. Since the reflectance of the left shoulder of 1 um absorption
is greater than the right shoulder at 2 um absorption, the continuum shows a negative
slope. Similar absorption features near ~900 nm and ~1900 nm were demonstrated in three
reflectance spectra, while NWA 8687 has deeper absorptions. Additionally, ALHA 81005
and NWA 8687 show absorption at ~1250 nm, indicating that they are rich in plagioclase.

Figure 9a illustrates the Band I and Band II centers of NWA 8687 spectra in the
background of those produced from laboratory synthetic pyroxene [58]. Generally, adding
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Ca into pyroxene crystal makes Band I and Band II centers shift to longer wavelengths [38].
The OPX cluster is at the lower left corner, while the CPX is mainly distributed in the upper
right corner. Moreover, the high Mg (Mg# > 70) pyroxene is annotated in the shaded region,
based on laboratory results. Band centers of NWA 8687 are in the range of OPX, and are
located in the high Mg region, indicating that the composition of pyroxene is low in calcium
and high in magnesium, which is in agreement with the petrography.
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Figure 9. (a) Plot of the Band I center versus the Band II center. The laboratory pyroxene spectra are
from Ref. [58]. (b) Plot of the Band Area Ratio versus the Band I center. The olivine-orthopyroxene
mixing line is represented by the solid line. Different spectral regions are defined by Refs. [37,59].

The band area ratio is inversely proportional to olivine abundance [59], and its re-
lationship to Band I center is useful for estimating the relative abundance of olivine and
OPX [37,59]. The NWA 8687 spectra allocate on the Ol-OPX mixing line (Figure 9b),
suggesting that NWA 8687 contains both OPX and olivine, while the proportions of the
two-phase are not well distinguished.

3.3.2. Quantitative Analysis

From the results of spectral unmixing (Table 3), the NWA 8687 is dominated by
OPX and plagioclase (including meskelynite), with an average abundance of 54.02% and
34.05%, respectively. Olivine follows as the third most abundant constituent (7.08% on
average). There are tiny amounts of CPX and ilmenite in the meteorite, consistent with the
petrography (Table 1). Since OPX easily masks the spectrum of plagioclase, the derived
OPX abundance is higher than that of plagioclase.

Table 3. Mineral abundances are estimated from NWA 8687 spectra (in %).

A B C D E

Clinopyroxene 0 1.51 0 0 1.71
Orthopyroxene 58.20 50.33 55.30 63.55 42.73
Plagioclase 35.24 28.49 20.83 24.82 24.53
Olivine 6.08 6.12 9.58 7.55 6.08
IImenite 0.49 0.50 14.28 4.07 1.69
Maskelynite 0 13.05 0 0 23.27
Total 100 100 100 100 100

Once the abundance vector is derived, the modeled spectrum can be obtained through
the endmember matrix multiple by the abundance vector. The measured and modeled
spectra generally fit well, with the exception of the shift around 1900 nm (Figure 10). The
shift could be the difference in chemical compositions (mainly in Ca, Fe, and Mg) between
the pyroxene in NWA 8687 and the pyroxene endmembers used in the unmixing process.
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spectra (in red) of the NWA 8687 chip.

4. Discussion
4.1. Lunar Origin

Basalt magmatism is a basic geological process of the Moon, Earth, and other terrestrial
planets. As probes to planetary interiors, basaltic silicate minerals record distinct igneous
histories and signatures of their planetary bodies [60,61]. Figure 11 illustrates that each
planet has a unique Mn/Fe?* ratio in pyroxene and olivine, and the ratio increases with
the heliocentric distance, probably due to heating events in the early solar system [62,63].
The practically constant values are widely used as a “fingerprint” of meteorite origins
(e.g., [15,64]). NWA 8687 has an average Mn/Fe?* ratio of 0.021 in pyroxene and 0.011 in
olivine; both fall into the range of lunar samples (Figure 11). Therefore, we confirm that the
sample in this study has a lunar origin.
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Figure 11. Mn versus Fe2* atoms per formula unit (afu) in pyroxene (a) and olivine (b) of NWA 8687,
compared with pairs NWA 5744 [32] and NWA 10401 [15]. Apollo data and best-fit trend lines are
from Ref. [60] (pyroxene) and Ref. [61] (olivine).
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4.2. Classification of NWA 8687: A Mg-Suite Anorthositic Norite?

For mineral compositions, NWA 8687 is dominated by calcic plagioclase, with a high
content of anorthite (Angs.¢_97.5) coexisting with Mg-rich mafic silicates (Mg# between
75.8 and 77.7) (Figure 12a). This mineral assemblage is consistent with the Mg-suite rocks
(e.g., [65,66]). For bulk chemistry, Mg number versus Al,O3; content of NWA 8687 and
other lunar samples are plotted in Figure 12b (after Refs. [15,16,32]). The figure clearly
shows that Mg-rich rocks are distinct from other lunar samples due to higher Mg# and
lower AlL,O3 (e.g., [67]), and NWA 8687 is located ideally in the Mg-suite region. Thus,
NWA 8687 can be considered to have the characteristics of magnesian rocks.
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Figure 12. (a) Mg# in olivine versus An in plagioclase for NWA 8687 and pairs NWA 5744 and
NWA 10401 (after Ref. [13]). (b) Bulk Mg# versus Al,O3 content for NWA 8687 and other lunar
samples (after Refs. [15,16,32] and references therein). Lines show mixtures among four endmembers:
a hypothetical magnesian peridotite, Mg-suite rocks, ferroan anorthosite, and mare basalts. Data
source: NWA 5744 [32], NWA 10401 [15], ALH 81005 [16], and other lunar meteorites [33]; Apollo
Mg-suite [68], FAN, and mare basalts [9].

For the convenience of academic communication, Stoffler et al. [69] developed a
classification scheme to allocate lunar highland rocks, based on their modal compositions
(Figure 13). The Mg-suite rock comprises norites, troctolites, ultramafic rocks, and closely
related lithologies (e.g., anorthositic norite) in this scheme [15]. According to mineral modal
abundances (Table 1; here, maskelynite is considered part of plagioclase), this particular
sample, NWA 8687, is better described as an anorthositic norite instead of a troctolite,
reported by previous studies [29,30,70]. Similarly, NWA 5744, examined by Ref. [31], also
has noritic lithology differing from other studies. Although the meteorite and pairs NWA
5744 group have slight differences in classification, they are broadly the same in texture
(Figures 3 and 4) and mineral chemistry (Figures 5, 6, and 12a), as well as whole-rock
composition (Figure 12b); thus, NWA 8687 is still intimately connected with the NWA
5744 clan.
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Figure 13. Classification of lunar meteorite NWA 8687 and comparison with pairs NWA 5744 and
NWA 10401. Modal abundance (in vol.%) obtained by petrography (star) and by spectroscopy (blue
circle) is expressed in the plot. This figure is modified from Figure 2 in Ref. [69].

4.3. Connections between Lab Results and Remote-Sensing Interpretations

The mineral abundances derived from spectral unmixing (Table 3) were compared
with the petrographic ground-truth (Table 1). The average differences between the derived
abundances and the ground-truth are —0.004 (CPX), 0.34 (OPX), —0.33 (plagioclase), and
—0.05 (olivine), respectively. The result shows that the VNIR spectra can accurately deter-
mine the abundances of CPX and Olivine. As the OPX overwhelms the plagioclase spectral
features, the meteorite spectral features are dominated by the OPX. Specifically, the VNIR
spectra overestimate the OPX abundance (more than 2.5 times the actual fraction of OPX)
and underestimate the plagioclase abundance (about half the actual fraction of plagioclase).
This phenomenon could also happen during lunar orbital observations.

Nonetheless, as shown in the pyroxene-olivine—plagioclase ternary diagram (Figure 13),
both the petrographic and spectral results are located at the left edge of the triangle,
indicating that the NWA 8687 is noritic instead of troctolitic. In lunar geology, norite and
almost all of the anorthositic norite represent material from the lower lunar crust [71]. Thus,
the deviation in classification based on petrography and spectroscopy does not lead to
considerable differences in regional geologic interpretations.

Our work shows that the VNIR spectroscopy has the potential to crudely classify lunar
rock types without sample preparation. The orbital hyperspectral image (HSI) can be used
to search for Mg-Suite exposures across the Moon. However, the spectral interpretation
of the lunar surface would be complicated, due to both the intrinsic (e.g., grain size,
crystalline) and external (e.g., space weathering, imaging conditions, and surface relief)
factors. For example, the pervasive space weathering effects on an airless body, such as the
Moon, dampens the absorption features. The instrumental noise also impairs the spectral
features. These factors affect the determination of band parameters and mineral abundances.
Therefore, the spectral data covering less mature surfaces (e.g., fresh craters) are preferred
for extracting the mineralogical information. For spectral unmixing, a priori knowledge of
endmembers is sometimes challenging to obtain, or unavailable in practice. The unmixing
performance would be impaired when using imprecise endmembers. Extracting in-scene
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endmembers will alleviate this issue to some extent. Using an imaging spectrometer to
acquire meteorite HSI and test the endmember extraction algorithms will be the focus in
our feature research.

5. Conclusions

We have investigated the lunar meteorite Northwest Africa 8687 by integrated petro-
graphic and spectral approaches. Our conclusions are the following:

1.  NWA 8687 is an anorthositic norite mainly composed of plagioclase (67 vol.%) and
mafic silicates (21 vol.% for pyroxene and 12 vol.% for olivine), with minor spinel and
accessory minerals, such as Fe-Ni metals, troilites, ilmenites, and baddeleyites.

2. The mineral composition is relatively uniform in NWA 8687, with plagioclase domi-
nated by plagioclase (Ca-rich feldspar; Angs.¢97.5), and olivine dominated by forsterite
(Mg-rich olivine; Foys.8 77.7). The main component of pyroxene is enstatite (low-Ca
pyroxene; Engs 78 Fs17.00 Wos_p), followed by augite (high-Ca pyroxene; Engs 59
Fs10-16 Wo3s-43). A Mg-spinel (pink spinel) occurs in the sample, with Mg# > 65 and
Cr# < 10.

3. Mineral compositions and bulk chemistry imply that NWA 8687 has characteristics
of lunar Mg-suite rock, and is likely paired with the NWA 5744 clan, although their
petrological classification is slightly different.

4. The mafic mineral compositions inferred from VNIR reflectance are consistent with
the petrological result. However, it is challenging to determine plagioclase, since
mafic minerals easily mask its spectral features.

5. The mineral modal abundance of the NWA 8687 chip derived from linear unmixing
confirms the noritic characteristics of the sample. It shows that spectral investigation
has the potential to classify lunar highland rocks, although extended works of diverse
lithologies are warranted.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/rs14122952 /s1, Tables S1-S5: Major element abundances of
minerals in NWA 8687.
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Abstract: The Mercury Dual Imaging System (MDIS) on the Mercury Surface, Space ENvironment,
GEochemistry, and Ranging (MESSENGER) spacecraft has provided global images of Mercury’s
surface. A subset of off-nadir observations acquired at different times resulted in near-global stereo
coverage and enabled the creation of local area digital elevation models (DEMs). We derived fifty-
seven DEMs covering nine sites of scientific interest and tied each to a geodetic reference derived
from Mercury Laser Altimeter (MLA) profiles. DEMs created as part of this study have pixel scales
ranging from 78 m/px to 500 m/px, and have vertical precisions less than the DEM pixel scale.
These DEMs allow detailed characterizations of key Mercurian features. We present a preliminary
examination of small features called “hollows” in three DEM sites. Depth measurements from the
new DEMs are consistent with previous shadow and stereo measurements.

Keywords: Mercury; digital elevation models; MESSENGER; MDIS; stereophotogrammetry; hollows;
high resolution

1. Introduction

The Mercury Dual Imaging System (MDIS) onboard the Mercury Surface, Space
ENvironment, GEochemistry, and Ranging (MESSENGER) spacecraft has provided a
variety of observations to investigate the origin and evolution of the innermost planet. One
of the primary objectives of the MDIS experiment was the acquisition of high-resolution
images of significant landforms [1]. The MDIS experiment consisted of a Narrow-Angle
Camera (NAC) and a Wide-Angle Camera (WAC) [1,2]. Although MDIS is not a stereo
camera, off-nadir observations acquired at different times resulted in near-global stereo
coverage [1,3]. In addition, specific high-priority targets were imaged in stereo at a higher
resolution than the global campaign, enabling the creation of local area Digital Elevation
Models (DEMs).

The orbit of the spacecraft was close to polar and highly eccentric, with a periapsis that
varied from 200 to 506 km and an apoapsis of 10,000 to 15,000 km; the periapsis occurred
within 30° to 6° from the north pole [4-6]. Its orbital period was 12 h from entry into orbit
around Mercury on 8 March 2011 until March 2012, when the orbit was lowered, resulting
in an 8 h period. Then, beginning in mid-June 2014, a series of maneuvers resulted in
periapsis varying from 15 to 200 km until MESSENGER impacted Mercury on 30 April
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2015 [4,5]. These later mission periods enabled the acquisition of higher-resolution NAC
observations (~1 m to ~300 m pixel scales) of regions of interest [2,6,7].

This paper describes the production of high-resolution regional MDIS NAC DEMs
with an uncertainty analysis. It also demonstrates how these products can be helpful for
scientific investigation with a topographic analysis of hollows, an enigmatic landform
found only on Mercury [8-10].

2. Data Sources

The DEMs were computed from MDIS NAC images, with elevation profiles from
the Mercury Laser Altimeter (MLA) [11] serving as a geodetic reference frame. When no
MLA data directly covered the NAC DEMs, MDIS WAC images controlled to MLA profiles
bridged the gaps in coverage.

2.1. Mercury Dual Imaging System (MDIS)

The NAC was an off-axis reflector with a 1.5° field of view (FOV), providing images
with a pixel scale of 5 m at an altitude of 200 km. The WAC was a four-element refractor
with a 10.5° FOV and 12-position filter wheel, providing images with a pixel scale of 36 m
at an altitude of 200 km. Each camera had an identical 1024 x 1024 charge-coupled device
(CCD) detector. The two cameras were mounted and co-aligned on a pivoting platform
with a 90° range of motion about the +z axis (the boresight of most of the MESSENGER
instruments). This alignment allowed off-nadir image acquisition without affecting the
pointing of other instruments or misalignment of the sunshade, enabling the acquisition of
stereo observations [1,12].

2.2. Mercury Laser Altimeter (MLA)

We used altimetry obtained from the MLA to increase the absolute accuracy of NAC
DEMs. MLA was a time-of-flight altimeter that measured the shape of Mercury by using
pulse detection and pulse edge timing to precisely determine the range from the spacecraft
to the surface [11]. The MLA pulse width was ~6 ns (FWHM), taken at a rate of 8 Hz with
a 20 m]J laser pulse energy at a wavelength of 1064.3 nm [5]. MLA ranging observations
were only available for latitudes between 90°N and 18°S due to MESSENGER's highly
elliptical orbit and periapsis at high northern latitudes, with measurements becoming
sparser with decreasing latitude. At the time of this work, the best available MLA profiles
were the version archived in volume MESSMLA_2001; we downloaded these from the
PDS and filtered them to use only channel 0 [13]. These version 1 tracks have not been
crossover-corrected. While these MLA measurements’ horizontal accuracies are not well
constrained, they had a radial precision of <1 m and a radial accuracy of <20 m with respect
to Mercury’s center of mass [14]. Additionally, the spacecraft position was known to within
a few tens of meters [15].

3. Methodology

High-resolution regional WAC and local-scale NAC DEM processing were completed
using a combination of Integrated Software for Imagers and Spectrometers (ISIS) [16-18] and
SOCET SET from BAE Systems [19,20]. Although there are important differences (e.g., framing
vs. pushbroom camera systems), the DEM processing for MDIS DEMs is similar to the process
used for the Lunar Reconnaissance Orbiter Camera (LROC) NAC DEM production described
by Henriksen et al. [21] and for the High-Resolution Imaging Science Experiment (HiRISE)
DEM production of Mars reported by Kirk et al. [22] and Sutton et al. [23].

Other regional MDIS DEMs at comparable resolutions have been created using various
methods. Fassett [24] generated 96 DEMs at 45-245 m/pixel using the Ames Stereo Pipeline.
Ostrach and Dundas [25] created 11 DEMs using SOCET SET (made by USGS Astrogeology).
Tenthoff et al. [26] adapted a shape-from-shading method for use on MDIS images to extract
eight DEMs with pixel scales as low as 3.3 m; in addition, Weirich et al. [27] used stereopho-
toclinometry to create four DEMs at 20-120 m/px. At the km scale, Preusker et al. [28]
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divided the Mercurian surface into 15 quadrangles and is producing 222 m/pixel DEMs by
photogrammetrically processing thousands of images. To date, 4 quadrangles have been
published [29]. We compare our DEMs to the available co-located products in Section 4.3.

DEM production is described in the following sections and summarized in Figure 1.
After determining appropriate stereo pairs based on acquisition conditions and image over-
lap, images were calibrated and formatted for ingestion into SOCET SET using ISIS. Once
imported into SOCET SET, each image was corrected for relative orientation to all other
images in the stereo model and then for absolute orientation using MLA profiles. When the
stereo model bundle-adjustment achieved a root mean square error (RMSE) < 0.5 pixels,
we extracted a final DEM for each stereo pair. DEMs were manually edited, as needed, to
minimize artifacts. Geometrically correct orthorectified maps, or orthophotos, were then
generated from the edited DEM. Final orthophotos and DEMs were exported from SOCET
SET and post-processed using ISIS for release into the Planetary Data System. Uncertainty
analysis was performed, and additional products were created and released.

Pre-
Stereo Processing Impor.t Triangulation:
Image Process Raw Images into Relative
Selection Images (ISIS) SOCET SET Model

Retrieve SPICE

Triangulation:

ERROR Absolute
ANALYSIS Model

/|

Export and
Create PDS
Products

Orthophoto DEM

Generation Generation

Figure 1. Workflow diagram for processing MESSENGER high-resolution stereo pairs to DEMs
(adapted from Henriksen et al. [21]).

3.1. Stereo Image Selection

We selected stereo images via a two-step process. First, we filtered all the images over
the desired target area for favorable acquisition conditions and then identified specific stereo
pairs. As proposed by Becker et al. [30], we adapted eight criteria, covering illumination
conditions, resolution, parallax angle, and image overlap. The search was performed using
the USGS isisminer application [16,17]. We initially limited the searches to NAC images;
if the site had sufficiently complete NAC stereo coverage, we checked for MLA profile
overlap. If NAC-MLA overlap did not exist, we then searched for WAC stereo images
that crossed MLA profiles. Due to MESSENGER’s highly elliptical orbit, NAC images
used for DEM production could range in pixel scale from less than 5 m to over 150 m,
and image illumination conditions and spacecraft geometries varied greatly. The amount
of overlap and the actual footprint of the DEMs were affected by the topography and
acquisition parameters.

We first sorted the images covering the target region to ensure adequate lighting,
viewing conditions, and spatial resolution. The criteria used in this sorting process are
summarized in Figure 2a,b. The incidence angle is between the Sun and the normal surface
vector (ideally between 40° and 65°). The emission angle is between the normal surface
vector and the camera boresight intercept point; we selected images with emission angles
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between 0° and 40° to include images acquired during the so-called nadir (emission = 0°)
mosaic imaging campaign [30]. Additionally, the native pixel scale of the images was taken
into consideration as any final DEMs would have a ground sampling distance of at least
three times the coarsest pixel scale of the stereo pair. For the DEMs we created, images had
pixel scales of ~150 m or better.

Acquisition Conditions

(a) Incidence Angle _ - |I l
Vei Fimiealan Angle N R
0° i15° 20° 40°

Identifying Stereo Pairs

(c) Overlap Percentage _

0% 30% 50% 100%

(d) Pixel Scale Ratio [
0

(e) Strength of Stereo

(f) Shadow Tip
Distance

(g) Solar Azimuth
Angle Difference 0°

I
Igv

20° 50°

Figure 2. Criteria for choosing NAC and WAC images to produce stereo pairs (blue indicates optimal
conditions, yellow is acceptable, and red is not serviceable). The values shown here are adapted from
Becker et al. [30].

After vetting the images on acquisition parameters, images were evaluated for suit-
ability as part of a stereo pair (Figure 2c—g). Image pairs were first filtered to those that
shared at least a 30% overlap of common surface coverage. These overlapping regions were
then assessed based on pixel scale ratio, stereo strength, and illumination compatibility.
Strength of stereo is calculated as a ratio of the parallax between the two images over unit
height and illumination compatibility is obtained by measuring the shadow tip distance, or
the distance between the tips of the shadows in two images for a hypothetical post of unit
height [30]. Additionally, the absolute difference in the solar azimuth angle was required
to be less than 50° (optimally < 20°) [30].

Ultimately, we created DEMs covering nine different sites (see Appendices A and B).
Among the stereo pairs we used to create these DEMs, images had pixel scales ranging
from 19 m-150 m. Incidence angles ranged from 30°-64° (all Catullus crater, Cunningham
crater, and Kuiper crater images had incidence angles between 30°—40°; images used for
Kertész crater, Paramour Rupes, and Sander crater DEMs all had incidence angles > 41°).
Emission angles ranged from 1°-50°. Except for those used in the Sander DEM, all pairs
had stereo strength values between 0.37 and 0.65 (Table 1).
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Table 1. Image selection criteria statistics for the stereo images used in this study.

Acquisition Conditions Identifying Stereo Pairs
Incidence Emission Overlap Pixel Scale Strength of Shadow Tip Solar Az.
Angle (°) Angle (°) Percentage Ratio Stereo Distance (°)  Angle Diff. (°)
Minimum 30 1 0.45 0.40 0.37 0.00 0.00
Maximum 64 50 100 0.99 1.39 0.02 32.65
Average 45 26 56.86 0.66 0.80 0.15 8.99
Median 44 32 51.81 0.68 0.72 0.11 6.60

After all the acceptable stereo pairs in a region were identified, we then selected
pairs that would give us the desired coverage for the site (Figure 3). These pairs were
controlled together and ultimately mosaicked in ISIS to create the final DEM. Because
some of the pairs were acquired serendipitously rather than systematically, often from
substantially different orbits, the coverage in regions of interest could vary significantly
in resolution and overlap between pairs [31]. We selected stereo pairs to provide optimal
coverage of the region; however, because we sampled our DEMs at 3 the pixel scale of
the lowest resolution image, and because controlling images with drastically different pixel
scales is more difficult, we selected stereo pairs with similar pixel scales wherever possible.
Individual images were frequently used in more than one stereo pair to maximize coverage
while minimizing production time.

3.2. Image Pre-Processing

The selected stereo pairs were ingested into ISIS, radiometrically calibrated, and
initialized with position and orientation parameters stored in SPICE kernels using the
planetary kernel pck00010_msgr_v21.tpc with a reference radius of 2439.4 km. This kernel
was used by all the products archived in the PDS volume MESSDEM1001 [32]. The kernel
parameters were then converted to a format compatible with SOCET SET 5.6 and imported
into SOCET SET. Finally, the images were converted to a 16-bit Tagged Interchange File
Format (TIFF) and imported into SOCET SET using an off-axis framing camera sensor
model developed by the USGS Astrogeology Science Center to accommodate the MDIS
NAC off-axis refractor [16,21].

3.3. Relative Orientation

An element of uncertainty is always present in spacecraft positioning and pointing;
therefore, it is necessary to correct for relative positional and pointing offsets, or the orien-
tation of one image compared to that of the other images being used [33]. All overlapping
images were linked together with at least nine equally distributed “tie” points, manually
selected by matching pixels between stereo images. We added additional points for large
areas or those with a complex topography. For each stereo pair, we started by putting in
nine points, and then added more until we had sufficient coverage to extract a precise
model that accurately followed the topography. For mosaics, where multiple stereo pairs
were used to build up coverage, we also added points to tie together each area of stereo
pair overlap. The images were then bundle-adjusted using a multi-sensor triangulation
(MST) algorithm to align the images in the Mercury body-fixed system [33,34].

A priori spacecraft and camera parameters were used as inputs into the MST algo-
rithm (Table 2) [21]. These parameters are loose constraints to help optimize the bundle-
adjustment solution. They were empirically selected based on estimates of the spacecraft
uncertainties and refined by iteratively adjusting values and examining the detailed bundle
adjustment output. For MDIS images, we used a set of three parameters for camera position
and three for camera pointing. These parameters were applied to every image except the
nadir-most image, which was temporarily held constant to prevent an overly large (km-
scale) shift from occurring due to the bundle adjustment. Following bundle-adjustment,
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we examined individual tie point residuals and adjusted the points until an adequate
overall RMSE was reached (ideally less than 0.2 pixels, although under 0.5 pixels was
acceptable) [21].
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Figure 3. Stereo pairs used to create the Sander crater DEM mosaic: (A) shows the footprints of the
21 images chosen, while (B) shows the footprints of the 36 individual DEMs made from those images.
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Table 2. A priori bundle adjustment parameters.

MST Parameters Values
Camera AX 100 m
Camera AY 100 m
Camera AZ 10 m

Attitude AOmega * 0.1°
Attitude Aphi * 0.1°
Attitude Akappa * 0.1°

* These three attitude parameters are functionally similar to roll, pitch, and yaw, although not exactly the same.
Roll, pitch, and yaw describe the rotation of a body while phi, omega, and kappa describe the rotation of an image
relative to a projected coordinate system.

3.4. Absolute Orientation

Absolute orientation describes the relationship between the features in the image
and their corresponding locations on the surface of Mercury. Here, absolute control was
achieved by adding ground points specifying exact ground (x, v, z) coordinates for given
pixel locations in the image. For MDIS DEMs, we extracted these ground coordinates from
MLA profiles covering the same areas.

Once an acceptable bundle adjustment solution for relative orientation was found, the
NAC images could be controlled directly to the MLA profiles. Ground control points were
created by identifying one or more points along individual profiles (which can be overlaid
over the images in SOCET SET by importing them as shapefiles) and visually identifying
their corresponding locations in the images. Using a stereo monitor to view the images
and profiles in 3D, users can select these corresponding locations by identifying distinct
topographic features that appear in both datasets. Ground points were added or adjusted
iteratively until we reached a state where we could visually observe that the MLA profiles
aligned well with the DEM topography. Therefore, while relatively few ground control
points were added (3 to 10), the rest of the overlying profiles acted as visual check points.

We then ran a new bundle adjustment that included both the ground control and
tie points to triangulate absolute orientation. We used the same parameters as the initial
bundle adjustment but with the nadir image no longer held constant. Because the bundle
adjustment now also included ground control points, we now had RMSE values for latitude,
longitude, and elevation in addition to the overall RMSE. These latitude, longitude, and
elevation RMSEs were considered acceptable when they fell within the known accuracies
of the MLA profiles.

Ideally, the NAC images would be co-registered directly to overlapping MLA profiles.
However, MLA profiles are relatively sparse, especially at southern latitudes. Occasionally,
a NAC image had insufficient or no MLA coverage (a minimum of three control points
are necessary to triangulate ground). For our Catullus crater and Paramour Rupes DEM
mosaics, where the sparsity of MLA points prevented direct control, a WAC stereo pair was
chosen that overlapped with the NAC stereo pair and MLA profiles. The WAC images had
resolutions ranging from 235 to 475 m/px, and were used to create DEMs of 1337 m/px
and 1589 m/px. Following the method described in Section 3.3, the two WAC images
were tied to each other and to the NAC images, and a bundle adjustment solution was
performed. This solution was evaluated by the same standards described in Section 3.3,
with an additional check to ensure the vertical offset between the WAC and NAC stereo
models was less than the expected precision for a DEM created from the WAC images. Then,
ground control points were added to control the WAC images to MLA profiles. Finally,
by bundle-adjusting the WACs and NACs together with these ground control points, the
NAC DEM could be indirectly controlled to the MLA profiles (Figure 4).

3.5. DEM Extraction

The sensor model contained a bug that resulted in errors when calculating extents for
image overlap. Therefore, it could not be used to directly extract a DEM. As a work-around,
we generated a cubic rational polynomial (CRP) approximation of the sensor model for each
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controlled image; these approximations have residual errors of less than 0.01 pixels. We
used the Next Generation Automatic Terrain Extraction (NGATE) program in SOCET SET
to extract elevations pixel by pixel from the CRP images; the program then downsampled
the results to create a DEM at a pixel scale that is a factor of three greater than the largest
pixel scale of an image in a stereo pair [35,36]. NGATE can be customized to a certain degree
using a strategy file that defines several correlation parameters, window size parameters,
and ways to filter the correlation results. We used strategy files customized for the MDIS
images. See [21] for more details about NGATE.

NAC DEM

WAC DEM

MLA profiles

Figure 4. Tie points connecting Kertész NAC DEM (top; displayed as a color-shaded relief map)
to an overlapping WAC DEM (middle; made from image pair EW0218288557G, EW0233348623G),
which is controlled to MLA profiles (bottom) projected to Mercury’s surface. Black circles represent
tie points between the NAC and WAC images, while black squares represent control points in the
WAC DEM from MLA points.

Despite the robust image matching techniques used by NGATE, the automatically
extracted DEM can contain some artifacts, or blunders, especially near edges, areas of steep
topography, or particularly homogenous areas (shadows can also cause DEM artifacts;
however, our images were selected to avoid shadows). Artifacts were identified visually
and from the confidence map generated by SOCET SET for the DEM and were removed
using SOCET SET interactive tools that allow the user to cut out sections of the DEM. Then,
using NGATE, new DEM “patches” were generated to cover these missing areas and were
merged back into the original DEM. These small DEM patches were regenerated using
boundary coordinates in stereo that finely delineated the overlap between the images and
accounted for local changes in topography. Constraining the stereo algorithm to a small
portion of each image as defined by these boundaries forced the algorithm to compare
identical locations and yielded good correlation results. SOCET SET also offers interactive
tools that allow a user to manually adjust the heights of individual points, but we did not
use these tools for these DEMs [21]. The final confidence map product maps the per-pixel
results of the NGATE correlations to a small number of integer values (1-15) to enable user
evaluation of the DEM. A look-up table is provided in the Readme for each DEM.

The final DEM underwent a last comparison to MLA to ensure that there were no
remaining systematic offsets. If any were detected, we then went back to the bundle
adjustment step to adjust the ground control and tie points.

3.6. Orthophoto Generation

Once a final DEM was corrected and checked for errors, it was used to orthorectify
the 16-bit NAC images used in its creation. This process, performed within SOCET SET,
uses the elevations given by the DEM to correct image distortion by calculating and
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correcting for shifts in pixel location due to camera obliquity and terrain relief [34]. The
resulting orthophotos are free from distortion (within the limits of the DEM accuracy)
caused by topography and camera viewing angle, allowing direct and accurate distance
measurements between pixels [37]. Orthophotos were generated at both the DEM pixel
scale and the native image pixel scale.

3.7. Planetary Data System (PDS) Products and Derived Products

In addition to the DEM, which was converted to IMG format using ISIS, several
derived products were created and made available through the PDS (Figure 5). A confidence
map and orthophotos of each image in the stereo pair are provided at both the pixel scale
of the DEM and the largest native pixel scale from the stereo pair. A terrain-shaded relief
map, a color-shaded relief map, a slope map, and corresponding legends are also provided
at the pixel scale of the DEM in the EXTRAS directory of the PDS in GeoTIFF format, as
well as a 32-bit GeoTIFF of the DEM. GeoTIFF products were created using the Geospatial
Data Abstraction Library (GDAL) [38]. For sites where multiple stereo pairs were used
to build up coverage, the overlapping products were mosaicked using the ISIS program
automos and released in addition to the individual products.

PDS Products and Derived Products

DEM Orthophotos (2 resolutions) Confidence Map

T |
-
/2]
(]
o

Derived (GeoTIFF)

Terrain Shade Color Shade Slope Map 32-bit DTM

Figure 5. PDS and derived products from the Sander crater DEM mosaic (42.42°N, 154.64°E), created
from 21 images forming 36 stereo pairs. The DEM mosaic, orthophoto mosaics at two resolutions,
and a confidence map are available in PDS format, as well as individual DEMs, four orthophotos, and
confidence maps for each stereo pair. In addition, terrain-shaded relief, color-shaded relief, and slope
maps are derived from each DEM and are released as 8-bit GeoTIFFs along with a 32-bit GeoTIFF of
the DEM. See Appendix A for stereo pair details.
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4. Results: Uncertainty Analysis

The DEMs were evaluated based on qualitative and quantitative error analyses. Con-
tour intervals created from the DEMs were compared to the images using a stereo viewer
to confirm a close match with the terrain. The overlapping stereo pairs were also compared
to the available MLA elevation points to ensure that there was no tilt present in the DEM
and that the profiles closely aligned with the images in stereo. Here, we report quantitative
metrics for precision and accuracy for each site (Table 3), and compare them to other
regional DEMs.

Table 3. Summary data and error analysis for completed regions.

# of Center DEM Relative #0of MLA  MLA Mean MLA
. Latitude, Mosaic Linear . . Standard
Site Name Stereo R . . Points for (Vertical) . ..
Pairs Longitude Pixel Scale (Vertical) Comparison Offset (m) Deviation
(°N, °E) (m) Error (m) (m)
Catullus Crater * 1 21.88°,292.5° 84 84 777 —255 188
Cunningham 9 30.40°, 157.0° 105 85 127 2 58
Crater
Degas Crater 1 36.86°, 232.6° 97 70 125 -1 109
Scarp in NW —31.16°,
Rembrandt Basin 1 82.5° 500 383 ) B )
Kertész Crater 2 31.45°,146.3° 120 98 27 -9 51
. —-11.3°,
Kuiper Crater 1 309.1° 270 161 - - -
—5.07°,
Paramour Rupes * 3 o 450 261 138 -5 185
145.1
Raditladi Hollows 3 15.20°, 120.2° 180 137 154 —44 52
Sander Crater 36 42.50°,154.7° 162 70 756 —44 65

* MLA offsets are obtained from WAC DEMs tied to the NAC DEMs.

4.1. Relative Linear Error

The SOCET SET software calculates precision as a relative error at a 90% confidence
level, meaning that 90% of the errors in elevation measurements will be equal to or less
than the reported value [34,37]. The vertical precision for each DEM is reported as relative
linear error (Table 3) and is expected to be less than the pixel scale of the DEM [21,39]. The
horizontal precision of the DEM is reported to be equal to the pixel scale of the DEM, as
the pixel scale is consistently greater than the relative circular (or horizontal) error at 90%
confidence, as reported by SOCET SET [34,37].

4.2. Offsets from MLA

Positional accuracy was evaluated by comparing DEM elevations with MLA eleva-
tions. Wherever MLA profiles directly crossed the DEM, the mean, median, and standard
deviation of the offsets were evaluated (Figure 6). However, if, due to the highly elliptical
orbit of MESSENGER and the sparse MLA coverage, no co-located profiles were available,
then offsets were reported from the broader area WAC DEMs (controlled to MLA profiles).
Some DEMs in the southern hemisphere had no MLA coverage; these products were not
absolutely controlled, and for these we report only the relative precision.

With the range accuracy of MLA better than 20 m, ideally the measured differences
between the DEMs and MLA profiles would also be <20 m. However, despite ongoing
refinement of both our error analysis and DEM processing methods, consistently obtaining
this level of accuracy remained challenging; manual alignment in stereo was made more
difficult by varying image resolutions within stereo pairs. The seven DEMs we controlled
to MLA had a median mean offset of —9 m. These offsets are also affected by horizontal
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errors due to uncertainty in position and orientation for MLA profiles [28]. Nevertheless,
in all but one case, we were able to achieve mean offsets less than the pixel scale of the
DEM (Table 3).

Offsets from MLA for Sander
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Figure 6. Plot showing the difference between MLA profiles and the Sander crater regional DEM.
The DEM mosaic consists of 36 stereo pairs with a pixel scale of 162 m.

4.3. Comparison to Other Regional Topographic Products

The sparse MLA data does not allow us to fully evaluate the level of detail captured
in the DEMs; therefore, we compared our products to overlapping DEMs from other
publicly available regional datasets with overlapping DEMs and similar pixel scales (Table 4;
Fassett [24]; Ostrach and Dundas [25]; and Preusker et al. [28]). Of the other high-resolution
MDIS DEM datasets, we shared no overlapping DEMs with Tenthoff et al. [26], and
Weirich et al.’s [27] DEMs are not yet publicly available.

Table 4. Regional MDIS DEM datasets used in this comparison.

Resolution Range ASU Site (# DEMs

Dataset Method (m/px) Number of DEMs from Dataset That
Overlap)
Manhem(“e;\i;lfjg’t)h e SOCETSET 76500 57 indgiagia;f %EMS i
Fassett [24] (“FAS”) Ames Stereo Pipeline 45-245 9% 15;;%‘3? (é)) ?;fgzr%);
Ostrach z(al?gs?ﬂg)ndas [25] SOCET SET 25-120 1 Degals< Sr?[,e E;nz;l)er (1),
Preusker et al. [28] (“PRU”) stereopk?olizzrr:mme try 222 4 quadrangles Catull;igllj)e,rD(i;gas M,
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Because the Ostrach and Dundas [25] (“OST”) and Fassett [24] (“FAS”) DEMs used
reference radii of 2440.0 km, we added 600 m to these DEMs to adjust them to the 2439.4 km
radii used by us (“ASU”) and by Preusker et al. [28] (“PRU”). The FAS and OST DEMs
were also produced using version 2 (crossover-corrected) of the MLA profiles, whereas
only version 1 of the MLA profiles was available when our DEMs were created. In the

regions we examined, there was a km-scale shift between the two versions of the MLA.

To account for any remaining offsets, we applied translations produced by running the
pc_align tool from the Ames Stereo Pipeline [40].

To collect profiles for comparison, all the DEMs were loaded into QGIS [41]. The
QGIS Profile Tool plugin was used to simultaneously collect profiles across the overlapping
DEMs [42]. These profiles were then exported for analysis.

The translations from pc_align were predominantly horizontal (see Figure 7b,c). The
horizontal offsets originate at least partially from differences between the two versions of
MLA data used; other minor factors are the sparseness of the MLA profiles and the fact
that each product was controlled to different profiles and numbers of MLA points.
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Figure 7. Degas crater profiles. (a) Colorized elevation map of ASU (97 m/px) shown over OST DEM
(90 m/px), FAS DEM (95 m/px), and PRU HO3 quadrangle (222 m/px). (b) Elevations for profile A
for each DEM before alignment. (c) Elevations for profile A after alignment. (d,e) Post-alignment
elevations for profiles B and C.

The remaining differences between the DEMs are largely due to the differing pixel
scales, as expected. The 222 m/px PRU DEMs are significantly smoother and shallower
than the ASU (90-97 m) Degas DEMs when observing small features (e.g., the central
peaks; Figure 7c,d), but elevation ranges agree well over longer baselines (e.g., crater
diameter; Figure 7e). The detail captured by our Degas DEM most closely matches the
detail from OST, which was produced using the same method. Minor differences between
ASU and FAS likely originated from the different extraction algorithms, as well as some
remaining misalignment.

Profiles over Sander crater’s central peak show that ASU, FAS, and OST DEMs capture
similar features, but that the ASU mosaic, with approximately twice the pixel scale of FAS
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and OST, has more outliers and captures less fine detail (Figure 8). For the Sander site, we
also viewed the DEMs as contour lines over an ASU DEM orthophoto (Figure 8b). For this
small area, features in FAS are somewhat more smoothed out than in OST and ASU, while
the ASU, as expected, contains more noise (see Figure 8c).
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Figure 8. Sander crater topographic profiles. (a) Colorized elevation map of ASU (SANDRMS;
162 m/px). Gray polygons show the extents of FAS (90 m/px) and OST (80 m/px); both have been
aligned to ASU. (b) ASU, FAS, and OST displayed as 30 m contours overlaid on an ASU orthophoto.
(c—e) DEM elevations for profiles A, B, and C.
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Our DEM of Kuiper crater was not controlled to MLA at all, as MLA becomes extremely
sparse south of the equator. However, it does overlap with the PRU H06 quadrangle, which
extends from 22.5°S to 22.5°N and therefore has MLA coverage over its northern half;
its RMS vertical offset from MLA is 88 m [28]. We used pc_align to co-register the ASU
Kuiper DEM to H06 and found a 934.4 m vertical offset, but a relatively good horizontal
alignment (the optimal horizontal translation was <1 px for the ASU DEM) (Figure 9). At
270 m/px, the ASU DEM is a lower resolution than the 222 m/px quadrangle; however,
more fine detail is captured in the ASU profile, likely due to differences in methodology
and product coverage.
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Figure 9. Kuiper crater profiles. Here, ASU DEM has been vertically translated by subtracting
934.4 m; no other alignment was performed. (a) ASU 90 m contour map overlaid on ASU orthophoto,
shown over PRU DEM. (b) Elevations from ASU (270 m/px) and PRU (222 m/px) for profile A.

To more comprehensively evaluate the residual offsets between the DEMs, we created
difference maps by subtracting the pc_aligned DEMs produced by FAS, OST, and PRU
from the overlapping ASU DEMs. Table 5 shows the statistical summaries of these maps.
The mean differences are within 4 m with the exception of three outliers; all are within
20 m. The means of the absolute differences are all less than 65 m. Larger mean absolute
differences are associated with larger differences in pixel scales between the two DEMs.
The standard deviations indicate fairly tight distributions; however, the minimums and
maximums can be quite large, with total ranges between 285 m and 1226 m.

Following Bland et al., 2021 [43], we also created histograms of the difference maps to
examine the distribution of offsets between the DEMs. They were approximately normally
distributed, but with abnormally large tails. As a generally representative example, we
show difference maps and histograms of Sander crater in Figure 10. Figure 10a,c show
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that the largest residual offsets are concentrated at the areas of most extreme topography:
along the crater walls and at the steepest points of the central peak. Both FAS and OST here
have an approximately 2 x finer pixel scale than ASU, which may account for some of the
residual offsets.

Table 5. Summary of differences between ASU DEMs and overlying DEMs.

ASU DEM Subtracted Standard Mean Diff. Std Dev. of Mean Abs. Minimum Maximum
DEM Deviation (m) Abs. Diff. Diff. (m) (m)
Catullus FAS 2 39.97 2.31 29.51 27.06 —417.34 284.83
Catullus FASP 62.27 —0.06 50.61 36.29 —873.00 352.96
Catullus PRU 56.83 —6.71 41.25 39.66 —404.20 263.67
Degas FAS 17.78 -0.18 13.39 11.69 —161.41 123.54
Degas OST 19.77 0.81 14.51 13.46 —207.45 185.70
Degas PRU 84.62 —10.45 66.54 53.31 —571.25 430.98
Kertész OST ¢ 20.23 0.22 14.67 13.93 —193.86 201.48
Kertész osT 4 37.57 —2.30 28.82 24.20 —256.25 315.43
Kuiper DLR 55.77 0.93 37.21 41.55 —552.13 620.03
Raditladi FAS € 85.43 19.87 59.39 64.55 —397.21 559.83
Raditladi FASf 31.30 2.46 22.49 21.90 —248.57 246.98
Raditladi FAS & 31.79 2.97 23.24 21.89 —256.89 594.35
Sander FAS 38.54 —0.60 28.07 26.42 —367.55 366.59
Sander OST 35.70 —3.60 25.75 24.99 —237.77 236.10

Note: ASU DEM mosaics were used where available instead of individual pairs. Where ASU DEMs are com-
pared to multiple DEMs from one other dataset, we disambiguate by providing the DEM names: ® 293E22N_0,
b 293E22N_1, ¢ DEM_100m_MSGR_Kertesz_crater 2 _isis3, ¢ DEM_70m_MSGR_Kertesz_crater M2015,
© 118E26N_0, f 121E27N_0, & 121E27N_1.
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Figure 10. (a,c) Difference maps of Sander crater: OST and FAS DEMs subtracted from ASU DEM.
(b,d) Histograms of the difference values.
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Our comparisons with other regional DEMs show that once large offsets are removed,
products have comparable elevation ranges. Most discrepancies in the small-scale features
captured are attributable to differences in DEM pixel scale, although minor horizontal
misalignment and noise are also factors. The ASU, FAS, and OST DEMs, which have similar
areas of coverage and numbers of input images, capture similar amounts of detail when
they have roughly the same pixel scales.

5. Discussion: Scientific Application
5.1. Anomalous High-Reflectance Regions in Kertész and Sander Craters

Blewett et al. [8,10,44,45] characterized distinctive features called “hollows” composed
of relatively blue (433 nm to 559 nm ratio) and high-reflectance material. Hollows are
shallow, rimless, irregularly shaped depressions, are distributed globally, and appear to
form preferentially on crater floors, central peaks, and peak rings. The new DEMs of Sander
crater, Kertész crater, and Raditladi basin presented here, all of which host hollows, provide
the means to investigate formation theories proposed by previous studies.

5.2. Formation Hypotheses

Current hypotheses proposed to explain hollow formation agree that a volatile compo-
nent is being lost, resulting in a collapse of the weakened matrix [10]. Several possibilities
for the loss mechanism and the source of volatiles have been proposed. Vaughan et al. [46]
suggested that sulfides or chlorides in differentiated impact melt could sublimate at surface
temperatures. Blewett et al. [8,44] proposed that space weathering (sputtering by solar-
wind ions, bombardment by micrometeoroids, exposure to solar heating, and ultraviolet
fluxes) could cause the destruction and loss of volatile-bearing phases, such as sulfides.
Alternately, Blewett et al. [8,44] noted that sequestered magmatic volatiles or fumarolic
minerals from volcanic activity could later be exposed by impacts and lost by solar heating.
Thomas et al. [9] suggested that endogenic heating of volatiles in upper crustal rocks
could lead to sublimation. Phillips et al. [47] proposed a model in which thermal decay
of sulfide minerals resulted in fumarolic systems that altered the near-surface and drove
hollow formation. Measurements of hollow depths in high-resolution images have shown
that hollows consistently have depths of tens of meters [8,9,24,45,46]. The mechanisms
proposed generally posit that hollows grow in depth until either the material is exhausted
or a lag deposit reaches sufficient thickness to halt the volatile loss [10].

For Kertész and Sander craters, we investigate three distinct floor units that are not
observed in Raditladi: smooth sheet, pitted sheet, and bright knob/deep floor materials
(Figures 11-13). Vaughan et al. [46] defined these units and proposed that they represent the
progression of hollow formation from smooth sheet to pitted sheet to the final stage, where
the lowest elevation of the deep floor represents the maximum depth of the hollow-forming
layer. Because the Kertész hollows are larger and more sharply defined than those in
Sander crater, and the Kertész DEM, at 120 m/px, has a finer pixel scale than Sander (162
m/px) or Raditladi (180 m/px), we focused our investigation primarily on Kertész crater.

5.3. Findings: Kertész Crater

Kertész is a 33 km diameter crater with a depth of 2.2 km. It has two central peaks,
with heights of 550 m and 600 m from the surrounding crater floor. A slump is present on
the south wall, and abutting the crater wall on the southwest side of the floor just west of
the slump is a pit ~360 m deeper than the surrounding crater floor. Hollows are distributed
over the entire crater floor, extending in some areas to slumped units in the crater walls
and onto lower regions of the central peaks (Figure 11).

In a sample of Kertész’s most well-defined hollows (six on the north /northwest side
of the crater, four on the east/southeast sides; both regions defined by Vaughan et al. [46]
as bright knob/deep floor), we calculated depth by subtracting minimum elevation on the
hollow floor from the average hollow rim elevation. Measurements were taken in SOCET
SET from the stereo pair released as KERTS01 using a stereo viewer (see Appendix C
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for red-blue anaglyphs of Kertész, Sander, and Raditladi stereo pairs). The images had
pixel scales of 33 m and 40 m/px. The southeast hollows ranged from 20-62 m deep,
while the significantly larger pits on the northwest side ranged from 35-101 m deep; the
overall average depth was 51 m or a median depth of 48 m. Measurements taken from
the DEM were somewhat shallower, averaging 30 m deep on the southeast side and 48 m
deep on the northwest side. The stereo measurements, while involving a more ambiguous
amount of uncertainty due to the user intervention required, are able to take advantage
of the full resolution of the images; therefore, a stereo viewer may be required to extract
the most data out of the stereo model. The depths found in stereo somewhat exceed the
~30 m maximum depth found by Vaughan et al. [46], possibly because that study used
higher-resolution images and therefore was able to measure smaller hollows. The less
well-defined hollows (“pitted sheet”) were too small to measure in our DEM, although
both profiles and measurements taken in stereo in SOCET SET suggest depths of <10 m.
Our measurements do fall within the general ranges of typical hollow depths found by
previous studies (tens of meters).

We also noted several large contiguous regions where the Kertész smooth sheet was not
pitted (or very minimally pitted), but was concave to at least the depth of the surrounding
deep floor units; first, in a 4 km by 1 km sheet to the southwest, bordering the deep pit
mentioned earlier; and secondly, in a smaller (1 x 1 km) region adjacent to the taller of
the central peaks. At their highest points, these two smooth sheets are raised above the
surrounding deep floor units to approximately the same height as the tops of the bright
knobs, but they sink at their centers to depths of 27 m for the southwest sheet and 72 m
for the central sheet. For the southwest sheet, the deepest point is approximately the same
elevation as the bottom of the surrounding pits. For the central sheet, the lowest point
of the concavity is at least 40 m lower than the average floor of the surrounding bright
knob/deep floor unit. We discuss these smooth sheet regions in our analysis in Section 5.6.

5.4. Findings: Sander Crater

Sander crater is larger than Kertész, with a diameter of 52 km and a depth of 2.5
km. The floor of Sander crater is dominated by the unit designated as pitted sheet; these
hollows are generally too small to be reliably measured at the DEM pixel scale (Figure 12).
However, five distinct bright knob/deep floor hollows were identified and measured from
the stereo pair used to create SANDR18. These hollows had an average depth of 31 m when
measured in stereo (range of 9-65 m).

5.5. Findings: Raditladi Basin

Hollows in Raditladi Basin surround the peak ring and are found on peak mountains
(Figure 13). Unlike the hollows in Sander and Kertész, only one type of occurrence is found;
the hollows are clearly defined and most closely resemble the bright knob/deep floor unit.
However, the hollows are small enough (<1 km in diameter) that, in most cases, the DEM
pixel scale (180 m/px) was not fine enough for precise measurements of individual hollows.
Furthermore, the Raditladi DEM for the stereo pair measured (RADIT02) has a relative
linear error of 137 m, significantly worse than either Kertész or Sander. We measured
five of the largest hollows in stereo to find an average depth of 28 m (range of 24-32 m).
This value differs from the average shadow-length depth for this area (44 m) reported
by Blewett et al. [8]; however, our calculated depth likely represents a very conservative
estimate due to the DEM’s coarser resolution.

5.6. Analysis

Our results for the depth of the pitted regions, knobby regions, and individual hollows
in Sander and Kertész are consistent with the depth of hollows found by other analyses.
Blewett et al. [45] used shadow-length measurements on 565 high-resolution images to
determine the depths of hollows and found an average depth of 24 m. Other shadow-length
depth estimates of hollows [8,9,45,46] generally agree with the findings described here.
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Fassett [24] used MDIS DEMs produced with the Ames Stereo Pipeline to examine hollows
and found an average depth of 32 m.
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Figure 11. (a) Kertész crater orthophoto overlaid with a color-shaded elevation map. Polygons show
hollowed areas of floor investigated here; dotted circles mark characteristic units of pitted terrain (i),
smooth floor (ii), and bright knob/deep floor (iii). Yellow dots indicate ten hollows measured for this
study. See Appendix A for stereo pair details. (b) Elevation profiles. Inset profile shows a detail of
bright knob/deep floor area; arrows indicate distinct hollows.
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Figure 12. (a) Sander crater overlaid with a color-shaded elevation map. Polygons show hollowed
areas of floor investigated here; dotted circles mark characteristic units of pitted terrain (i), smooth
floor (ii), and bright knob/deep floor (iii). (b) Detail of SANDR18 orthophoto showing a portion
of the crater floor and central peak. Yellow dots indicate the hollows measured for this study. See
Appendix A for stereo pair details. (c) Elevation profiles. Inset profile shows a detail of bright
knob/deep floor area; arrows indicate distinct hollows.
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Figure 13. (a) Hollows along the peak ring of Raditladi Basin in color-shaded elevation map overlaid
on associated orthophoto mosaic. The white line (A-A’) indicates the extent of the profile taken
across the hollowed region. Yellow dots indicate five individual hollows measured for this study. See
Appendix A for stereo details. (b) Elevation profile.

Blewett et al. [45] interpreted the typical depth of several tens of meters to indicate that
hollows increase in depth until a sufficient lag deposit of devolatilized material develops
and protects the underlying material from further loss of volatiles. Our observations of
Kertész, Sander, and Raditladi are consistent with this hypothesis. The presence of a deep,
smooth, concave sheet in Kertész crater is also consistent with Vaughan et al. [46]. They
proposed that the hollows in Kertész formed in a massive sulfide or chloride deposit that
resulted from differentiation and immiscibility in the impact melt that pooled in the crater
floor. The concavities revealed by the topography may be related to volatile loss from
such a thick, relatively pure volatile-bearing layer. Hollows found elsewhere commonly
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occur in places with steep topographic slopes (e.g., crater central peaks and walls) where
pooling and differentiation of impact melt seems unlikely [10]. Thus, formation of hollows
within impact melt pools (as at Kertész) may differ from that in material containing a lower
abundance of a volatile-bearing phase.

6. Conclusions

Nine science sites consisting of 57 stereo pairs were completed (Appendix A;
Appendix B) and archived to the NASA PDS in December 2016 as part of the MESSENGER
DEM PDS Archive [29] (https:/ /pdsimage2.wr.usgs.gov/archive /mess-h-mdis-5-dem-
elevation-v1.0/MESSDEM_1001/DEM/REGIONAL/IMG/, accessed on 20 July 2022).
Created from 49 NAC images, these DEMs are some of the highest-resolution, most precise,
and most accurate topographic products of Mercury currently available. However, these
represent only a few of the thousands of stereo pairs acquired with pixel scales of 13-150 m.
As well as producing more DEMs, future work could include using global MESSENGER
DEM products as additional sources of absolute control to improve local DEM accuracy
and resolve issues with sparse MLA data at lower latitudes. We could also further au-
tomate several of the steps in our methodology (adding tie points, registering to MLA).
That said, one of the benefits of our method over other, faster, more automated methods
is that we use manual intervention and stereo viewing to visually inspect and validate
the entire model [21,43]. More precise, accurate DEMs will provide necessary data for
geologic studies of unique features on Mercury’s surface and complement observations
by the SIMBIO-SYS instrument on the BepiColumbo spacecraft scheduled to enter orbit in
2025 [48].
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Appendix A

List of DEMs created for each site and the images providing stereo for each DEM,
DEM pixel scales, and relative linear errors. A DEM mosaic (indicated by a name ending in
“MS”) was created for each site with more than one associated DEM.
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Pixel Relative
Site DEM Name Image 1 Image 2 Scale Linear
(m) Error (m)
Vent in
Catullus CATLS01  EN1020925599M  EN1020925715M 84 83.56
Crater
Curgl;i?am CNGHMO1  EN0215633679M  EN1012716022M 78 4897
Z CNGHMO02  ENO0215633679M  EN1012716026M 78 48.00
z CNGHMO03  ENO0215633673M  EN1025248438M 105 53.67
Z CNGHMO04  ENO0215633679M  EN1025248438M 105 53.28
z CNGHMO05  ENO0215633673M  EN1012716026M 78 4851
2 CNGHMO06  ENO0215633679M  EN1025248434M 102 52.89
z CNGHMO07  ENO0215633685M  EN1025248434M 102 52.64
Z CNGHMO08  EN1010038716M  EN1012716018M 78 82.29
“ CNGHMO09  EN1010038716M  EN1012716022M 78 84.69
z CNGHMMS - - 105 84.69
Degas Crater ~ DEGASO1  EN1008944217M  EN1024240075M 97 69.26
Scarp in NW
Rembrandt ~ HYNEKO1  EN1015859904M  EN1015861167M 500 383.01
Basin
Iéerr:fesrz KERTSO1  EN1010096377M  EN1025335005M 120 71.46
@ KERTS02  ENI1010096377M  EN1010096528M 120 97.34
“ KERTSMS - - 120 97.34
Kuiper
Cone KUIPRO1 ~ ENO0223659984M  EN1002982634M 270 160.37
Paliir;‘;’sur PARMRO1  EN1045386684M  EN1045387902M 450 256.82
Z PARMR02  EN1045386684M  EN1045387906M 432 256.94
z PARMRO3  EN1045386688M  EN1045387906M 432 260.93
E PARMRMS - - 450 260.93
R"’g:stiidl RADITO1  EN1015425730M  EN1015426008M 180 134.99
E RADIT02  EN1015425734M  EN1015426008M 180 136.62
z RADITO3  ENI1015425734M  EN1015426012M 180 134.74
E RADITMS - - 180 136.62
Sander
Contor SANDRO1  EN1012745010M ENO0218289182M 105 31.95
@ SANDR02  EN1012745010M ENO0218289189M 103 31.11
“ SANDR0O3  EN1012745010M EN0217906385M 160 56.26
z SANDRO4  EN1012745010M  ENO0233476482M 92 2143
“ SANDRO5  EN1010125026M  ENO0217906385M 160 45.96
Z SANDR06  EN1012745056M  EN1010125151M 88 66.78
“ SANDRO7  EN1012745056M  ENO0218289182M 105 37.46
Z SANDROS  EN1012745056M  ENO0218289189M 103 36.23
“ SANDR09  EN1012745056M  EN0217906385M 160 56.36
@ SANDRIO  EN1012745056M  EN0233476482M 92 2373
“ SANDRIT  EN1010125151M  ENO0217906385M 160 50.19
@ SANDRI2  EN1010125151M  EN1010067392M 88 67.22
“ SANDRI3  EN1010125151M  EN1010067396M 88 69.59
Z SANDR14  ENO0218289168M EN0217906381M 162 40.46
“ SANDRI5  ENO0218289175M  ENO0217906381M 162 39.96
z SANDR16  ENO0218289175M EN0217906385M 160 40.05
z SANDRI7  ENO0218289175M EN1012773887M 107 44.74
@ SANDRI8S  ENO0218289182M  ENO0217906385M 160 39.62
z SANDR19  ENO0218289182M EN1012773893M 105 44.19
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Pixel Relative
Site DEM Name Image 1 Image 2 Scale Linear
(m) Error (m)
“ SANDR20 EN0218289189M  EN0217906385M 160 39.11
“ SANDR21 EN0218289189M  EN0217906389M 157 39.09
“ SANDR22 EN0218289189M  EN1012773893M 103 42.36
“ SANDR23 ENO0218289189M  EN1012773899M 103 43.55
“ SANDR24 EN0218289189M  EN1012773904M 103 44.59
“ SANDR25 EN0218289196M  EN0217906389M 157 38.6
“ SANDR26 EN0218289196M  EN1012773904M 101 42.77
“ SANDR27 EN0217906381M  EN1012773887M 162 48.77
“ SANDR28 EN0217906385M  EN1010067392M 160 54.88
“ SANDR29 EN0217906385M  EN1012773887M 160 48.64
“ SANDR30 EN0217906385M  EN1012773893M 160 48.35
“ SANDR31 EN0233476482M  EN1012773887M 92 25.61
“ SANDR32 EN0233476482M  EN1012773893M 92 26.36
“ SANDR33 EN0233476482M  EN1012773899M 92 27.14
“ SANDR34 EN0233476487M  EN1012773899M 91 26.22
“ SANDR35 EN0233476487M  EN1012773904M 91 26.99
“ SANDR36 EN0233476492M  EN1012773904M 90 26.11
“ SANDRMS - - 162 69.59
Appendix B

Color-shaded relief maps of all completed regional MESSENGER DEMs (nine sites).

Elevation (m)

402
120

444

-7127

-1291

-1855
-2419

Figure A1. Vent in Catullus Crater.
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Figure A3. Degas Crater.
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Figure A4. Scarp in northwest Rembrandt Basin.
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Figure A5. Kertész Crater.
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Figure A6. Kuiper Crater.

Figure A7. Paramour Rupes.
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Figure A8. Hollows in Raditladi Basin.
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Figure A9. Sander Crater.

Appendix C

Anaglyphs of DEMs containing hollowed regions. Note that anaglyphs are vertically
exaggerated by approximately 10x the true vertical distance.

Figure A10. Kertész Crater. Images: EN1010096377M, EN1010096528M.
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Figure A12. Raditladi Basin. Images: EN1015426008M, EN1015425734M.
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Abstract: The landing camera (LCAM) of Chang’e-4 lander provides a series of low (46 cm/ pixel) to
high (2.3 cm/pixel) resolution images, which are suitable for centimeter-scale craters. In this paper,
we analyze the degradation of those small-sized craters to provide detailed information on the local
geological evolution of the lunar surface. From the mosaicked descent image, 6316 craters were
extracted and classified into four degradation levels based on their morphology on the image: fresh,
slightly degraded, moderately degraded, and severely degraded. The ground terrain camera (TCAM)
image and the DEM of the Yutu-2 panoramic camera (PCAM) validate the crater degradation levels
from a qualitative and quantitative perspective, respectively. The results show that the smaller the
size of the craters, the more easily they are degraded. The crater populations in equilibrium in the
four study areas indicate that the cumulative size—frequency distribution (SFD) slope is different
from previous research results, and the smaller the craters, the more difficult to reach an equilibrium
state (for craters smaller than a given size, the production rate is exactly balanced by the removal
rate), which may be due to secondary cratering and surface resurfacing caused by the burial of ejecta
from neighboring craters.

Keywords: meter to centimeter size impact craters; Yutu-2 panoramic camera; landing camera;
terrain camera; crater populations in equilibrium; surface resurfacing

1. Introduction

The Chang’e-4 mission was the world’s first soft landing on the far side of the
Moon and is also China’s second lunar surface soft landing mission [1-3]. The lander
is equipped with a variety of cameras, capturing in situ field images at different resolutions
and positions and providing imagery of impact craters down to centimeter scale. These
high-resolution data from the Chang’e-4 landing area provide the possibilities for small-
scale (especially centimeter-scale) geomorphological features, such as impact craters and
boulders [4,5], enabling a more detailed investigation of the morphological features asso-
ciated with them in the landing area [5,6]. Therefore, the analysis of the centimeter-scale
geomorphological features of the Chang’e-4 landing area on the lunar far side, especially the
impact crater population, is valuable for obtaining statistical characteristics of the centimeter-
scale impact crater distribution, and detailed information on their geomorphology.

Craters are among the most common features on the lunar surface and reveal signifi-
cant information primarily regarding relative and absolute surface chronologies and erosion
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processes [7-9]. Craters after the formation of impacts are affected by the micrometeorite
bombardment, emplacement of ejecta from distal larger craters, and stresses associated
with geological deformation [10-13]. Consequently, the spatial morphology changes and
gradually degenerates [14]. The first lunar image captured by Ranger 7 confirmed the
degradation of the lunar surface. Among the factors influencing the degradation of impact
craters, direct micrometeorite bombardment and ejecta from other impact craters result in
incomplete craters, disappearance of the crater rims, and the infilling of the crater cavities.
Additionally, internal geological processes such as geomorphological processes (avalanches,
talus slides, landslides, and creep) influence the morphology of impact craters, especially
small craters [10,13].

From formation to obliteration, impact craters experience different stages of degra-
dation with various morphological characteristics. The degradation of a population of
craters reflects the age of the local geological units, providing insights into the processes
of lunar geological evolution. The relationship between the degradation of impact crater
populations and the age of geological units has been the focus of study. Craddock and
Howard [11] studied the crater degradation process and described the relative age of
geological units with the concept of degradation parameters; the degradation pattern of
impact craters and the impact history of the region have also been studied in much detail
in recent years [15-17]. Meanwhile, the evaluation of the impact degradation level is also
of interest in the studies. Basilevsky [10], Wood et al. [18], and Ivanov and Basilevsky [19]
distinguished the degradation level according to crater morphology; Li [20] used craters of
typical lunar maria acquired from Chang’e-2 digital orthophoto map (DOM) and digital
elevation model (DEM) to study crater shape and degradation, and crater depth was used
as the critical parameter to evaluate crater degradation. Wood, Head, and Cintala [19]
Ivanov and Basilevsky [20] Li [16-18,21,22]. The image-based ray brightness, rim, and ter-
race sharpness, texture, and digital elevation model (DEM) data-based impact crater depth,
profile, and slope are the key elements of impact crater degradation analysis in existing
studies. However, considering the high resolution of the Landing Camera (LCAM, cm-level
resolution at the center of the landing area), in the absence of a high-resolution DEM, we
analyze the degradation of small impact craters mainly using the features obtained from
the LCAM images [13,15-17,21-23].

Some craters, which we call fresh impact craters, have sharp edges and bright ejecta
in optical images, while in the case of other craters, the edges are softened or incomplete,
and their walls are even collapsed and discontinuous. The bottoms of these craters, which
we call degraded impact craters, are filled, and their reflectance is consistent with the sur-
rounding background [11,13,24]. To better understand crater degradation, an image-based
statistical method based on the degradation classification of impact craters is developed.
Chapman [25] defined four levels of lunar impact crater degradation. Based on this work,
we classify the degradation of the crater population into four classes based on the features
shown in the images, namely (1) the presence of ray patterns around the craters, (2) the
clarity of the crater rims, and (3) the contrast between the bright and shadowed regions
of the crater interiors. Impact craters that are clear and complete, with sharp contrasting
bright and shadowed interiors, are considered fresh impact craters. The impact craters are
classified into the following types according to the degree of degradation: fresh craters (C1),
slightly degraded craters (C2), moderately degraded craters (C3), and severely degraded
craters (C4). Overall, empirical measures of crater degradation levels based on orbiter
image data are highly dependent on the appearance of impact craters, and studies of small,
degraded craters are subject to the image resolution of the orbital data.

Existing impact crater degradation studies have generally concluded that the smaller
the crater is, the more likely it is to be filled or destroyed by subsequent impacts, while
large craters are relatively stable and less prone to degradation [11,13,26-28]. However,
few studies have focused on the population degradation of small craters, especially those
smaller than one meter. Therefore, in this study, we focus on the analysis of population
degradation statistics for impact craters with sizes of centimeters to one meter, which
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has not been addressed in previous studies. In addition, we do not analyze the effect of
secondary impact craters on the degradation of impact craters because the sizes of the
craters involved in this study are small and the distribution is dense; thus, it is currently not
possible to distinguish primary and secondary craters by their spatial distribution patterns.
The main contributions include the following:

(1) Impact craters of C1, C2, C3, and C4 degradation levels at the centimeter to meter
scale in the Chang’e-4 landing area were acquired based on LCAM mosaic imagery.

(2) The impact crater degradation level classification was qualitatively verified from a
side-view perspective using TCAM images, and the crater depth-to-diameter ratio
calculated by DEM using PCAM of Yutu-2 was used to quantitatively verify the
impact crater degradation level.

(3) Theequilibrium state of the centimeter to meter impact crater population in the Chang’e-4
landing area was evaluated. Moreover, the local surface resurfacing was analyzed.

Degradation analysis of lunar impact craters extends and deepens our understanding
of crater morphology, crater identification, lunar cratering history, and lunar chronology [12].
Degradation analysis of small-sized impact crater populations with sizes on the meter to
centimeter scale can provide detailed information on the local geological evolution of the
lunar surface relative to larger-sized impact craters (hundreds of meters), providing the
possibility of obtaining localized surface resurfacing of the lunar surface.

2. Methodology

In this paper, high-resolution descent images are used to explore the distribution
and degradation of small impact crater populations in the landing area. The descent
images, however, have no geolocation information. Thus, we needed to mosaic and register
them based on existing georeferenced data. All the craters in the mosaic images were
manually identified based on the crater textures, as the accuracy and completeness of
the automatic identification techniques are limited. Craters were manually classified to
different degradation levels to permit a quantitative analysis of degradation in the crater
population, a multi-vote process to compensate for human subjective factors. The impact
crater degradation level classification was verified qualitatively and quantitatively using the
side-view morphology of the impact crater from the images of the ground terrain camera
(TCAM) and the depth-to-diameter ratio of the DEM acquired by the Yutu-2 panoramic
camera (PCAM). The specific flow is shown in Figure 1. A detailed description of the
method is described below.

2.1. The Mosaic and Registration of the Images from the LCAM

Typically, we used the structure from motion (SfM) algorithm [29] to estimate the
photo position and attitude to obtain the normalized image; however, the final stage of the
Chang’e-4 lander was the vertical landing, and the images were acquired along the main
optical axis direction, leading to large errors in the position and attitude calculated by the
SfM algorithm [30,31]. Therefore, this paper adopted the mosaic method.

Since the descent images lacked geo-referencing, we registered the descent images
before mosaicking, making them have the same coordinate reference as Chang’e-2 DOM.
However, the resolution of Chang’e-2 DOM is 7 m/pixel, which is quite different from the
first descent image (46 cm/pixel). Therefore, we considered using the lunar reconnaissance
orbiter camera (LROC) Narrow-Angle Camera (NAC) image to register with the Chang’e-2
DOM image first and then registered the descent images based on the georeferenced LROC
NAC image.

We used ArcGIS for the image registration and applied the spline transformation
model to transfer the images. For the registration of the LROC NAC image and the
Chang’e-2 DOM, we selected 300 pairs of corresponding points and ensured that they
were evenly distributed. For the registration of the descent images and the LROC NAC
image, we needed to register 25 images. For each image pair, 100 pairs of corresponding
points were selected. Experimentally, 100 pairs of random points were selected to test the
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registration error and the results showed that the error was less than 2 pixels. Furthermore,
the experiments selected larger impact craters (with diameters larger than 50 pixels) and
compared their diameters to the LROC NAC image to determine the difference in crater
diameter. The maximum diameter difference was no more than 2 pixels. This finding sug-
gested that image distortion due to image registration had little effect on subsequent crater
size acquisition. The resolution of the georeferenced LCAM mosaic image is 0.023 m/pixel
(center) to 0.46 m/pixel (edge).

Mosaic and Georeferenced and
georeferencing mosaic image

Crater morphology

(-]ratm-' Il'lﬁl'.lllal Outer shape Identified craters
identification

Inner contrast

Multi—-voted
Manual classification The degradation of
of degradation crater population

Qualitative verification

Side=view morphology

of impact crater 5 2
< < : ! Ground evidence in the
In-situ verification T AT : >
Quantitative validation landing area

Diameter—to—depth
ratio

Figure 1. Flow chart of the analysis of impact crater population degradation.

2.2. Identification of Impact Craters

As impact craters are the most typical geomorphic structure on the lunar surface,
they provide important information on past and present geological processes and have
also been applied to age dating of geologic surfaces [32,33]. In this paper, impact craters
were extracted around the landing site of Chang’e-4 using manual visual identification, as
shown in Figure 2a,b. Figure 2a illustrates the contrast between the shadowed areas (dark
areas, blue outline) and the illuminated areas (light areas, red outline) presented internally
along the illumination direction of the impact crater in the image. Figure 2b shows the
circular shape of craters (yellow arrows mark the impact crater boundaries); thus, they can
be distinguished from the background.
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Figure 2. Visual identification criteria of impact crater features. (a) Crescent-like bright and dark
regions. (b) Circular shape, yellow arrows mark the impact crater boundaries.

Therefore, craters can be identified through the combination of contrast and shape
attributes. Identifying craters manually means craters can be detected, marked, and verified
through human eyes, decreasing the likelihood of incomplete and mistaken identification
evident in currently deployed automatic methods.

For the identification of impact craters, a minimum crater diameter of 5 pixels
(e.g., Figure 3a,b) or more is needed, but for the degradation analysis of impact craters, a
minimum crater diameter of 10 pixels (e.g., Figure 3c,d) is required due to the detailed
information on the shape of the crater, the contrast between bright and dark and the rays
around the crater.

Figure 3. Diagram of impact craters with diameters of 5 pixels (a,b) and 10 pixels (c,d), with (c) a C2
type impact crater and (d) a C3 type impact crater. Yellow arrows mark the impact crater boundaries.
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2.3. Classification of Degradation Levels of Impact Craters

Once formed, impact craters begin to degrade gradually. As the degradation of the
impact crater becomes more severe, the distal ejecta rays (if any) around the fresh impact
crater gradually disappear, and the contrast between the bright and dark areas of the
impact crater is no longer sharp, while the boundary gradually becomes indistinguishable
and nearly blends in the surrounding lunar surface [2,13,28,34,35]. Statistical studies of
morphological and other related characteristics of their degradation level are important to
understand the correlation between the evolution of crater morphology and the age of the
corresponding geological units. Unlike existing studies that have targeted larger impact
craters (meters and even hundreds of meters), most craters in our study are smaller than
2 m in diameter. Unfortunately, there is no DEM with a resolution higher than 0.5 m/pixel
to calculate the exact value of the quantitative classification indicators for craters. Thus, a
qualitative classification was applied in this paper based on the traditional method [25]. As
shown in Figure 4, we used a qualitative identification method to define and determine the
degradation levels of impact craters. The latter were divided into four types (C1-C4):

(1) Cl1 type: fresh craters, with obvious rays or clear edges, and a sharp contrast between
bright and dark.

(2) C2type: slightly degraded craters, with clear edges, and a relatively clear contrast
between bright and dark.

(3) C3type: moderately degraded craters, which show clear signs of degradation with
small differences between bright and dark, raised crater floors due to filling, and
fuzzy circular outlines.

(4) C4type: severely degraded craters with unclear outlines, shallow crater floors, and a
circular outline that can be distinguished when the image is stretched.

0 025 05 Mefers| | 0 015 UBVMetersl‘

dark dark

C

Figure 4. Examples of craters at four degradation levels, where (a—d) correspond to impact craters
of types C1, C2, C3, and C4, respectively. Yellow arrows mark the impact crater boundaries. The
diameters of the impact craters are written in the figures.

The manual qualitative classification of craters usually introduces human subjective
factors, so judgment errors are inevitable. For example, the C3-type craters in Figure 4 are
like C4-type craters and may be misclassified; thus, a multi-voting process for all craters
was adopted. In the voting process, first, all impact craters were individually classified
by three researchers into degradation levels. Then, we summarize the obtained impact
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crater degradation levels. For a given impact crater, the degradation level of the crater is
confirmed only when the number of votes is greater than or equal to 2. Otherwise, the
crater is considered to have an uncertain degradation level and needs to be reclassified.
Finally, the impact crater degradation level will not be determined until all impact crater
degradation levels have obtained 2 or more equal votes. In this process, the number of
impact craters with uncertain degradation levels was less than 15% when researchers first
independently classified the crater degradation levels, and after two rounds of reclassifying
craters with uncertain degradation levels, the degradation levels of all impact craters were
determined. The specific crater degradation levels classification results can be downloaded
from the Science Data Bank of Beijing, China.

Nevertheless, we are concerned that the very small number of C3 and C4 impact craters
may still be misclassified. Therefore, in the subsequent analysis, we also combined the
statistical analysis of C3 and C4 impact craters. In addition, the qualitative and quantitative
methods for classifying impact crater degradation levels are described in the next section.

2.4. Qualitative and Quantification Analysis of the Degradation Level of Impact Craters Using
Ground TCAM Images and DEMs Acquired by Yutu-2 PCAM

We compared craters in images from both the TCAM and LCAM. We manually
identified the craters in both types of images and analyzed the degradation of the crater
population in the landing area. Then, we verified our results by comparing the identified
craters on the LCAM mosaic images and the TCAM images. Figure 5 shows two impact
craters with different degradation levels in the LCAM mosaic image and TCAM image (red
circles are C3 type impact craters and blue circles are C4 type impact craters).
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Figure 5. Comparison of impact craters on the LCAM mosaic image (b) and the TCAM images (a,c:
cylindrical projection). Circled in red and blue are two impact craters with different degradation
levels (red circles are C3 type impact craters and blue circles are C4 type impact craters) shown in
LCAM mosaic image and in TCAM images, respectively.

As shown in Figure 5, we show two pairs of corresponding impact craters on TCAM
images and LCAM mosaic images, where the blue circles are C4 level impact craters, and
the red circles are C3 level impact craters. The TCAM images are obtained from a side
view, for the C3 impact crater compared to the C4 impact crater, part of the crater rim can
be identified, while the concave interior of the C3 impact crater is also more obvious. We
carefully compared the LCAM mosaic image and the corresponding impact crater on the
TCAM images from different angles for close-up verification. In the central part of the
landing area, the degradation levels and actual spatial forms of craters were checked one
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by one at close range. This comparison helped us to understand the actual morphology of
craters in the descent image.

For the PCAM image of Yutu-2, we used the Context software program to obtain
the DOM and DEM of the region. After that, the LCAM mosaic image was used as the
reference image for the registration of the DOM and DEM by using ArcGIS.

To quantitatively verify the degradation level of impact craters acquired from LCAM
images, a crater diameter-to-depth ratio was used. Considering the variation in the depth-
to-diameter ratio of different types and sizes of impact craters, we selected simple impact
craters of the similar size (diameter difference less than 1 m) for the calculation of the
depth-to-diameter ratio. For the calculation of the impact crater depth, we used the average
of the elevations of the eight directions at the edge of the crater to represent the topographic
elevation and obtained the crater depth by subtracting this value from the depth at the
center of the DEM impact crater.

3. Results and Analysis

The difference in the resolution of different regions of the mosaic image makes the
minimum diameter of the impact crater that can be extracted different for each part.
Therefore, we divided the study area into four study areas based on the minimum diameter
of the impact crater that can be extracted from each area. In addition, the degradation
statistics of crater populations in each study area were analyzed. Finally, TCAM and LCAM
images were used to analyze the impact crater degradation classification qualitatively
and quantitatively.

3.1. Study Area and Data

Chang’e-4 landed on the floor of the Von Karman crater (186 km in diameter), located
in the central part of the northwestern South Polar Aitken (SPA) basin. Recent geological
mapping surveys show that this crater is approximately 3.6-3.7 Gyr old (pre-Nectarian) [36].
The landing site (45.457°S, 177.588°E) [37] is approximately 350 km northwest of the SPA
ellipse center (53°S, 169°W) [38]. During the landing process, the images captured by the
LCAM of Chang’e-4 provided an unprecedented opportunity to study the degradation of
the population of small impact craters with diameters of 10 m or less in the area.

We selected 25 images captured at different landing altitudes (600 to 30 m). The
ground resolution of the captured images increased gradually as the camera descended,
and impact craters of sub-meter size can gradually be identified. Because of their high
spatial resolution, descent images are ideal for interpreting the small geological structures
in landing areas and analyzing the geological evolution of planetary surfaces. An accurate
geographic reference is the foundation for mapping and interpretation of planetary geology
using descent images. The images from the LCAM, however, do not have geographic
coordinates. Therefore, we must introduce images with geographic references to register
descent images.

The Chang’e-2 DOM (7 m/pixel) is the lunar global DOM with the highest ground
resolution and is thus used as the reference image when registering the descent images.
The great difference in spatial resolution between the Chang’e-2 DOM and the descent
images, however, presented a serious challenge when selecting corresponding pixels. Thus,
we used the LROC NAC image (M1298916428LR) to bridge the gap in resolutions [39].

We used full-color mosaic images, captured by the lander, and published by China’s
Lunar and Deep Space Exploration (CLEP), containing a high-resolution TCAM image
of the landing zone displayed by azimuth and cylindrical projections, for the qualitative
comparison of craters found in LCAM and TCAM images. To quantitatively compare the
results of the impact crater degradation classification, a DEM was acquired from the Yutu-2
rover’s PCAM image to calculate the diameter-to-depth ratio. Considering that the data
around the landing site might be affected by the impact of the lander during the landing
process resulting in inaccurate DEM results, we selected the PCAM images of the third
lunar day of Yutu-2.
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3.2. The Mosaic of the Descent Images

We registered and mosaicked the descent images using the method in Section 2.1. For
the acquired LCAM mosaic image, we selected 100 pairs of homonymous points with a
uniform distribution between the LCAM mosaic image and the georeferenced LROC NAC
images and 50 pairs of corresponding impact craters with diameters larger than 50x pixels
to calculate the registration error of the LCAM mosaic image and the diameter deviation
of the corresponding impact craters, respectively. The mean and root mean square error
(RMSE) of the homonymous points deviation, as well as the RMSE and mean value of the
diameter difference of the corresponding impact craters were calculated separately. The
results show that the mean value of the homonymous point deviation is 2 pixels and the
RMSE is 1 pixel. Moreover, the mean value of impact crater diameter deviation is 2 pixels
and the RMSE is 1 pixel, which satisfies the need for subsequent degradation statistical
analysis of the crater population.

Based on the obtained LCAM mosaic image, the study area centered on the landing
point was defined, covering an area of 146,687 m? (408 m from east to west and 386 m from
north to south), as shown in Figure 5b. The resolution is 0.023 m/pixel in the central area
and 0.46 m/pixel on the edge. The descent images used in this paper were captured along
the optical axis during landing; thus, the size of the extractable impact craters gradually
decreased as the ground resolution of the descent images increased, especially in the
central landing area where the extractable size could reach the decimeter level. Due to
the improved spatial resolution, impact craters as small as 15 cm in diameter could be
identified over the central landing area. Therefore, the descent images provided a reliable
data source for analyzing impact craters around the landing site.

3.3. Impact Crater Distribution Results

In total, 6316 impact craters were identified and extracted manually. The crater
distribution map and the boundaries of craters with different sizes are circled in Figure 6.
As shown in Figure 6, influenced by the high central resolution and low edge resolution of
the LCAM mosaic image, the impact craters are very dense near the center of the landing
site and gradually become sparse as they approach the boundary (the pink line of Figure 6)
of the study area. At the same time, smaller size (0.15-0.5 m) impact craters are also
distributed around the landing site, while the impact craters become larger at the boundary
of the study area. This is because the resolution of the mosaic image obtained from LCAM
images is highest around the landing site at 0.023 m/pixel, where the largest number of
small impact craters can be identified and decreases to 0.46 m/pixel closer to the boundary
of the study area, where only relatively large (>2 m) impact craters can be identified due to
resolution limitations. The study data are a mosaic of LCAM images from higher to lower
resolution, and the difference in resolution leads to different minimum sizes of impact
craters that can be identified in various parts of the study area. As shown in Figure 6, the
study area is divided into four parts, where the area within the red line, the area within
the yellow line, the area within the aquamarine line, and the entire mosaic image range
corresponds to the minimum diameter of identifiable impact craters of 0.15, 0.5, 1, and
2 m, accordingly. The minimum diameter of identifiable impact craters corresponding to
each of the study areas is divided in equal proportion to the total number of impact crater
populations, making about 2000 impact craters in each of the four areas. Therefore, the red
outlined area, yellow outlined area, aquamarine outlined area, and pink outlined area (the
entire area) contain 2341, 2160, 2926, and 2018 craters with diameters of 0.15 m or more,
0.5 m or more, 1 m or more, and 2 m or more, respectively.

The completeness of the impact crater population statistics is mainly limited by the
resolution of the images, with impact crater diameters greater than 10x pixels having a high
confidence level [40]. Therefore, to make the statistical analysis of the crater degradation
significant, we calculated histograms of the size distribution of the craters above the
minimum identified size for the above four study areas and considered the middle 95%
of the craters in each area to have a high confidence level. For the four study areas,
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the minimum statistical diameter of the impact crater is 0.268 m, which is greater than
10x pixels. As shown in Figure 7, for the red, yellow, aquamarine, and pink outlined
areas obtained above, the corresponding diameter intervals of 95% craters in each area are
0.268-1.725 m (contains 2223 impact craters), 0.512-2.612 m (contains 2050 impact craters),
1.026-8.963 m (contains 2781 impact craters), and 2.040-15.449 m, (contains 1916 impact
craters). This allows us to perform a degradation analysis of the crater population with
crater diameters in the range of 0.268-15.449 m.
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Figure 6. The mosaicked LCAM image with boundaries of areas defined by different sizes of visible
craters. The red, the yellow, the aquamarine, and the pink outlined areas correspond to impact craters
with a minimum diameter of 0.15, 0.5, 1, and 2 m that can be identified, respectively, as constrained
by the limitations of the resolution of descent images.

3.4. Impact Crater Degradation and Crater Size

All craters in the landing area were classified into degradation levels according to the
morphology of the impact craters. The study areas with the classified craters are visualized
in Figure 8. Detailed degradation results for the crater population are provided in Table 1.

As shown in Figure 8, the C1 craters (red, fresh craters) in all four study areas are rare,
and the distribution is sparse. C2 impact craters (aquamarine, slightly degraded craters)
cover more area than C1 craters. C3 craters (yellow, moderately degraded craters) and C4
craters (green, severely degraded craters) extend over a large range of the landing area.
Therefore, the craters in the landing area are dominated by C3 and C4 craters, which occupy
more than 90% of the craters in the landing area.

In the above, we obtained a 95% confidence interval for the diameter range of impact
craters in each study area, and the following statistical analysis of the degradation of
the impact crater population was performed using the craters within the diameter range
of each study area as a statistical sample. We then calculated the proportion of C1, C2,
C3, and C4 in each impact crater statistical diameter interval. The percentage of each
degradation level was also calculated for the total number of impact craters in each study
area. Additionally, considering that the C3 and C4 types are more likely to be confused
and that misclassification may still occur despite the multiple voting method used in the
previous section, we also used the C3 + C4 type of impact crater count to represent the
more severely degraded craters.
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Figure 7. Histogram of the crater diameter distribution in each study region, where the red line is the
median of the crater diameter distribution, and the black and the green dashed lines are the diameters
corresponding to 2.5% and 97.5% of the number of impact craters, respectively. The interval between
the two dashed lines corresponds to the diameter distribution of 95% of the impact craters. (a—d)
show histograms of the crater diameter distribution of the red, yellow, aquamarine, and pink outlined
areas, respectively.

As shown in Table 1, for the total number of impact craters counted in each study area,
C1 craters are the lowest proportion (less than 1%) and C4 craters are the highest (greater
than 64%), with C3 + C4 craters accounting for more than 93% of the craters, indicating
that the study area is heavily degraded. Furthermore, in those areas, the smaller the impact
crater diameter is, the fewer C1-C3 impact craters and the more C4 impact craters there
are. In addition, as the crater diameter increases, the proportion of C1-C3 impact craters
increases, while the proportion of C4 impact craters decreases (the decrease is 79.46% to
63.67% for the red outlined area and 79.53% to 57.62% for the yellow outlined area). In
addition, the proportion of C3 + C4 type impact craters, i.e., more heavily degraded impact
craters, decreases as the diameter of the impact craters increases. This finding suggests that
the smaller the craters are, the easier they degrade.

For the aquamarine outlined area and the full study area-wide crater population,
the 95% crater diameter distribution ranges from 1.026 to 8.963 m and 2.040 to 15.449 m.
Overall, the number of craters within the aquamarine outlined area shows an increasing
trend for C1, C2, and C3 craters and a decreasing trend for C4 craters as the diameter
increases. The percentage of C4 craters decreases from 72.41% to 57.18% for the aquamarine
outlined area and from 72.65% to 56.37% for the overall study area. For both areas, overall,
the proportion of C3 + C4 craters tends to decrease as the crater diameter increases.

For the population of impact craters within the four study areas in the diameter range
of 0.268-15.449 m, the proportion of craters in the C3 + C4 degradation class decreases with
increasing diameter.
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Figure 8. Crater distribution map with different degradation levels in different study areas.
(a—d) show the red, yellow, aquamarine, and pink outlined study areas. Red, aquamarine, yel-
low, and green circles are C1, C2, C3, and C4 impact craters.

In the above, we considered 95% of the impact craters in each study area with a high
level of confidence, and then we performed statistical analysis on those parts of the impact
crater population. The analysis shows a trend of degradation of impact craters on the
centimeter to meter scale (0.268-15.449 m). The overall population of impact craters in
this size range also shows a trend toward more severe degradation with smaller crater
sizes. The specific degradation of these small impact crater populations is summarized as
follows:

(1) For each study area, the proportion of C4 type impact craters is the highest, exceeding
50% for most areas, while the proportion of fresh impact craters is less than 10%,
indicating that impact crater degradation in the Chang’e-4 landing area is severe. The
sizes of the craters in the landing area were relatively small (the maximum diameter
was 67 m).

(2)  As the size of the impact craters increased, the proportions of C1, C2, and C3 craters
all gradually increased, while the proportion of C4 craters gradually decreased. The
C3 + C4 impact craters show the same degradation pattern, which is consistent in all
four study areas (for the effective statistical interval, i.e., diameter range corresponding
to 95% of the impact crater samples in the study area).
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Table 1. Impact crater population diameter and degradation level statistics for the four study areas.

Data Range 0-25% 25-50% 50-75% 75-100% Total
Diameter (m) 0.268-0.430 0.430-0.547 0.547-0.714 0.714-1.725 0.268-1.725
C1 0.00% 0.00% 0.00% 0.18% 0.84%
Red outlined 2 1.26% 1.08% 1.26% 4.68% 6.00%
area c3 19.28% 20.68% 23.38% 31.47% 28.91%
(4334 m?) C4 79.46% 78.24% 75.36% 63.67% 64.25%
C3+C4 98.74% 98.92% 98.74% 95.14% 93.16%
Data range 0-25% 25-50% 50-75% 75-100% Total
Diameter (m) 0.512-0.627 0.627-0.800 0.800-1.059 1.059-2.612 0.512-2.612
C1 0.00% 0.00% 0.00% 0.39% 0.40%
Yellow outlined c2 0.97% 1.56% 1.95% 5.86% 4.06%
area C3 19.49% 25.00% 29.63% 36.13% 28.30%
(9569 m?) C4 79.53% 73.44% 68.42% 57.62% 67.24%
C3+C4 99.03% 98.44% 98.05% 93.75% 95.54%
Data range 0-25% 25-50% 50-75% 75-100% Total
Diameter (m) 1.026-1.381 1.381-1.829 1.829-2.597 2.597-8.963 1.026-8.963
C1 0.14% 0.00% 0.14% 1.29% 0.10%
Aquamarine c2 1.44% 3.31% 2.88% 8.62% 2.59%
outlined area C3 26.01% 25.90% 28.39% 32.90% 27.56%
(71,763 m?) C4 72.41% 70.79% 68.59% 57.18% 69.76%
C3+C4 98.42% 96.69% 96.97% 90.09% 97.32%
Data range 0-25% 25-50% 50-75% 75-100% Total
Diameter (m) 2.040-2.492 2.492-3.141 3.141-4.408 4.408-15.449 2.040-15.449
C1 0.21% 0.21% 0.63% 2.30% 0.04%
Pink outlined c2 2.51% 4.80% 5.43% 11.27% 2.07%
area C3 24.63% 31.11% 29.85% 30.06% 23.71%
(146,687 m?) C4 72.65% 63.88% 64.09% 56.37% 74.18%
C3+C4 97.29% 94.99% 93.95% 86.43% 97.89%

3.5. In Situ Qualitative and Quantitative Validation

We used TCAM images from the Chang’e-4 lander and panoramic camera (PCAM) im-

ages from the Yutu-2 Rover for the in-situ cross-check; the results are shown in Figures 9 and 10.

The TCAM images were used to qualitatively analyze impact craters of different degrada-
tion levels from a side-view perspective. The PCAM images are used to obtain the DOM
and DEM, where the DEM can be used to calculate the crater depth-to-diameter ratios of
impact craters and to quantitatively analyze impact craters of different degradation levels.

For TCAM, we performed a degradation analysis of the impact crater within part of the
TCAM panoramic surround image (the region bounded by two white circles in Figure 9b,
corresponding to the area between the two white circles of the LCAM mosaic image in
Figure 9c¢), which was used to support our classification of the degradation of impact craters.
The circular area contains 2371 impact craters in the LCAM mosaic image, representing
approximately 36% of all impact craters. Considering the large distortion of the terrain
camera data, we compared the morphologies of 100 pairs of more discernible craters and
input the results into the classification of the crater degradation levels. In Figure 9b, we
show 12 crater pairs that have been labeled in the image to provide a side-view morphology
of the impact craters at different degradation levels from the TCAM.
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Figure 9. The corresponding impact craters in the TCAM and LCAM mosaic images. (a) Part of
the enhanced ground TCAM image (cylindrical projection), corresponding to the area shown in the
blue dashed box in (b). The red dashed arrow shows the direction of ejection from crater al” to
crater a’. (b) Ground TCAM image (azimuthal projection). The red solid lines show 12 corresponding
craters with different degradation levels. Aquamarine, yellow, and green outlined areas in (b,c) are
C2, C3, and C4 craters. The areas within the white circles in (b,c) are the study areas where TCAM
images were used to verify the degradation level of impact craters. (c¢) The LCAM mosaic image.
(d) Distribution of LCAM impact craters corresponding to the TCAM image. The green pentagram is
the Chang’e-4 landing site.
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Figure 10. DOM (a) and DEM (b) of the third lunar day PCAM of Yutu-2, where the red impact
craters are the corresponding craters of the PCAM and LCAM, and the blue represents impact craters
not identified by the LCAM. The areas shown in (a,b) correspond to the red area of the LCAM mosaic
image thumbnail in the lower left corner of the figure.

As shown in Figure 9b,c, 12 pairs of corresponding craters (four C2, five C3, and three
C4 craters) on the ground TCAM image and LCAM mosaic image are linked by red lines.
C2 craters (aquamarine) have clear circular shapes, and the inner contrast between bright
and dark is clear on the ground TCAM image. C3 craters (yellow) have circular shapes
but no discernible rim. C4 craters (green) have hidden circular shapes, the bottoms are
infilled, and the crater rims disappear. The classified degradation levels on the LCAM
mosaic image are consistent with the TCAM camera images.

Moreover, there are many impact craters of different sizes around the landing point,
with varying degrees of degradation. Most craters on the surface are small craters, and
their distribution is dispersed across the surface and consistent with their distribution in
the descent images. However, only a few small craters have a clear circular shape. Most
small impact craters are severely degraded, which is why smaller craters have a higher C4
ratio in the distribution analysis results (Table 1).

For quantitative validation of impact crater degradation levels, we used the PCAM im-
age of the third lunar day of Yutu-2 and obtained the georeferenced DOM (0.0014 m/pixel)
and DEM (0.01 m/pixel) of the region (Figure 10). The correspondence between the impact
crater degradation level and the crater depth-to-diameter ratio in this area was verified.
This study area is within the aquamarine outlined area of the LCAM mosaic image, an
area where we statistically analyzed craters from 1.026 to 8.963 m in the above section.
For the impact craters in this range, a total of 25 craters can be established to correspond
to the LCAM mosaic data and the PCAM obtained DOM and DEM (red impact craters
in Figure 10), while compared to the PCAM, two craters are not identified on the LCAM
mosaic image in this diameter range. These two impact craters are relatively small, highly
degraded, and not identified due to the resolution limitations of this area in the LCAM
mosaic image. Thus, the total number of impact craters obtained from the above content
impact crater count may be underestimated, but our method identifies at least 92% of the
impact craters in the study area and still has a high degree of reliability.

For the relationship between the level of crater degradation and the crater depth-
to-diameter ratio, we selected the craters numbered 0-19 in Figure 10b for the analysis
because these craters are in a region with low elevation change and the topography has
less influence. However, for the craters numbered 15 and 17, we did not use these two
craters for the calculation of the depth-to-diameter ratio because the difference between
their sizes and the size of the largest crater in the region exceeded 1 m, considering that the
depth-to-diameter ratio was calculated in the case of similar crater sizes. Then, we sorted
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the diameter-to-depth ratios of the above 18 craters from lowest to highest diameter-to-
depth ratio and show the results in Table 2. Since there are only craters with degradation
levels of C3 and C4 in the study area, for these 18 craters, the diameter-to-depth ratios of
C4 craters tend to be smaller, while those of C3 craters tend to be larger (Table 2). Overall,
both C3 and C4 impact craters are very shallow, with maximum depths of less than 0.2 cm
and impact crater diameter-to-depth ratios of less than 1.121 x 10~3. Consequently, the
DEM-calculated crater depth-to-diameter ratios validate our classification of impact crater
degradation levels C3 and C4 as relatively accurate.

Table 2. Diameter-to-depth ratio of the impact crater in the third lunar day experiment area from the

Yutu-2 PCAM.
Depth-to-Diameter Crater . Crater Degradation
Ilzatio (x10-3) Number Diameter (m)  Depth (cm) Levgels
0.023 19 2.015 0.005 C4
0.043 5 1.907 0.008 C4
0.288 14 1.017 0.029 C4
0.321 12 1.592 0.051 C4
0.363 13 1.744 0.063 C4
0.385 7 1.123 0.043 C4
0.390 0 1.466 0.057 C3
0.432 10 1.798 0.078 C3
0.450 6 1.531 0.069 C3
0.465 18 1.499 0.070 C3
0.495 9 1.734 0.086 C3
0.518 8 1.673 0.087 C3
0.557 3 1.176 0.065 C3
0.601 4 1.374 0.083 C3
0.700 11 2.040 0.143 C3
0.794 2 1.256 0.100 C3
0.804 1 1.295 0.104 C3
1.121 16 1.752 0.196 C3

4. Discussion

With continued bombardment, the impact crater density of any diameter will eventu-
ally reach an upper limit, especially for smaller impact craters [41,42]. A crater population
smaller than a given diameter is considered to be in equilibrium when the production
rate of craters is balanced by the removal rate [15]. Impact-crater-based lunar surface age
determinations should always be performed on impact crater populations larger than the
equilibrium onset diameter (Deq, for a given crater population, the diameter of the largest
crater at which the population is in equilibrium), otherwise, misleading dating results will
be obtained [15,43].

The methods of Gault [43] and Hartmann [44] are the widely used methods for
evaluating the equilibrium state of impact crater populations, both of which regard certain
empirical crater densities as the equilibrium level. Therefore, cumulative size-frequency
distribution (SFD) slopes around -2 are often used as empirical equilibrium levels for
different impact crater populations. However, reference to the method of Gault and
Hartmann can lead to different interpretations of impact crater populations, especially for
small-sized impact crater populations in older geological units [36]. In particular, the age
of the geological units in our study area is approximately 3.6-3.7 Gyr old [36], while the
impact craters are mostly below 2 m in diameter and there may also be many secondary
impact craters. We used the Craterstats2 [45] program to plot Hartmann’s equilibrium
lines [44] (black lines in Figure 11) for the craters in the four study areas and found that
the empirical equilibrium levels of Hartmann were not appropriate for our four study
areas [44]. Alternatively, we used a power-law index to obtain the cumulative SFD slope
according to Xiao and Werner [15]. The details are as follows.
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In the above, we divided the LCAM mosaic image into four study areas (Figure 6).
In the statistical analysis of impact craters at each degradation level, the small number of
impact craters outside the 95% impact crater population, limited by the resolution and
size of the study area, will lead to low confidence in the results of the obtained impact
crater degradation statistics. Therefore, we performed degradation statistics for 95% of
the impact craters in each study area in the above section. However, when analyzing the
crater accumulation process, we analyzed the full population of craters to obtain a localized
geographical evolution of the four study areas.

For each of the four study areas, the equilibrium state of their impact crater populations
was evaluated. We fitted power laws to craters in each study area using the technique
by Clausi et al. [46] to obtain the cumulative SFD slope (the power law exponent is less
than the cumulative SFD slope by 1) and the equilibrium onset diameter Deq (as shown in
Table 3) [10,15,16,47]. The results show that the crater populations in equilibrium have a
cumulative SFD slope of <—2 for both the red and yellow outlined areas (—2.696 and —2.392
for the red and yellow regions, respectively), while the crater populations in equilibrium
have a cumulative SFD slope of about —2 for both the aquamarine and pink outlined areas
(—1.952 and —1.917 for the red and yellow regions, respectively).

Table 3. Summary of the equilibrium states of the crater populations on the counting areas.

Cumulative SFD Slopes of Crater

Counting Areas Population in Equilibrium Degq (m)
Red outlined area —2.696 0.779
Yellow outlined area —2.392 0.810
Aquamarine outlined area —1.952 2.090
Pink outlined area —1.917 3.037

In previous studies, the cumulative SFD slope of decimeters to hundreds of meters
in equilibrium for the crater population was —2, while the production SFD slope was
—3[15,43,49]. In contrast, only the cumulative SFD slopes of crater populations in the
equilibrium of the pink outline area and aquamarine outline area were approximately —2, a
parameter that has been considered to represent equilibrium in previous studies, while the
equilibrium onset diameters of the craters in those areas are 3 and 2 m. For impact crater
populations with higher resolution and smaller diameter ranges, the red outlined area
and the yellow outlined area are found to have the highest resolution areas with steeper
cumulative SFD slopes (of —2.696 and —2.392, respectively). In previous studies, smaller
diameter impact crater populations were more likely to reach equilibrium [15]; thus, the red
outlined area should be the most likely of the study areas to be in equilibrium. However,
this area has the highest cumulative SFD slopes; it seems that the statistical area is far from
equilibrium, while the large areas easily reach equilibrium.

Regarding the inconsistency of our findings relative to previous impact crater popula-
tion equilibrium studies, we also suggest that it is possible that the Chang’e-4 landing area
is old with a thick regolith layer [24], and thus may have a large distribution of secondary
impact craters. Such secondary impact craters may be more widely distributed in the
centimeter diameter range. A large distribution of secondary impact craters would result
in a steeper cumulative SFD slope [50], resulting in a higher resolution area with a steeper
cumulative SFD slope.

Surface resurfacing may also be causing the red and the yellow outlined areas to not be
in equilibrium. Figure 11 shows the cumulative SFDs for four statistical areas. Figure 11a,b
show inflection points, it seems that some magma resurfacing events occurred in the
landing area, resulting in some small craters being infilled and thus disappearing in the
crater counting results. However, recent research [51] shows that the landing area is 70 m
higher than the surrounding lunar basalt and that the surface materials were mainly ejecta
from the Finsen and Alder craters. Therefore, the surface may have not been resurfaced by
lava flows.
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Figure 11. Craterstats2 program calculated cumulative SFD and equilibrium lines in the red, yellow,
aquamarine, pink outlined areas. EF refer to the equilibrium function of Hartmann [44]. PF and CF
refer to the production function and the chronology function of Neukum et al. [48], respectively. Red
dashed lines show the inflection points. The equilibrium lines (criterions from Hartmann [44]) are
displayed as black lines in (a—d). (a) Red outlined area. (b) Yellow outlined area. (c) Aquamarine
outlined area. (d) Pink outlined area.

As shown in Figure 9a, the ejecta from C3 type crater al’ infilled and partly resurfaced
the neighboring C4 type crater a’ and caused a lower crater density in Figure 9d. The
corresponding crater diameters at the inflection points of Figure 11a,b are 3 and 8 m,
respectively, and the crater excavation depths can be scaled by diameters (0.084:1 for a
simple lunar crater [41,52]); thus, the initial depth for craters with diameters of 3 and 8 m
are 25.3 and 67.2 cm. The depth results show that the smaller the craters, the easier they are
infilled by ejecta, while the larger craters show bigger depths to resist this influence.

Considering the existence of five craters with diameters of 15-22 m in the red statistical
area and their different degradation levels, these five impact craters formed at different
times due to the different degradation statuses. During the impact formation process, the
materials were ejected into the surrounding area, thereby covering the neighboring tiny
craters and producing an effect like magma resurfacing events.

This ejecta reshaping process may have caused the reduction in the number of craters
smaller than 3 m in diameter in the red statistical area. Then, the cumulative SFD of

209



Remote Sens. 2022, 14, 3608

the crater population was reset, and the process of crater accumulation restarted. As the
statistical area gradually becomes larger, the crater size corresponding to the inflection
points gradually becomes larger (8 m shown in Figure 11b) and nearly disappears in
Figure 11c,d. This shows that the surface is increasingly difficult to resurfaced by ejecta
materials as the craters become larger, and this is likely the reason that the inflection points
of the statistical curve of impact craters gradually increase until it disappears.

Unlike previous works [15,42,43], small craters (diameter smaller than 3 m in this
work) show an unusual cumulative SFD slope in equilibrium that smaller craters could
be resurfaced by the ejecta from neighboring craters and uneasily reach equilibrium [16].
Considering that, the smaller the impact crater mentioned above is, the more severe the
degradation is, the smaller the size of the impact crater is, and the more difficult it is for
them to achieve crater equilibrium due to secondary craters and the local resurfacing events
caused by ejecta from neighboring craters.

5. Future Research Considerations

Considering that Chang’e-4 is the first exploration mission to the far side of the Moon,
its research data are of high scientific value. Compared with the lunar orbiter images,
the Chang’e-4 lander and Yutu-2 rover provide a large number of high-resolution images
in situ, such as the lander’s LCAM images, Yutu-2 PCAM images, navigation camera
images, etc. Combining these data and obtaining possible DEMs will help subsequent
detailed population degradation analyses of centimeter- to meter-scale impact craters
around the landing site and rover route. Furthermore, statistical analysis of the small-sized
impact crater population degradation can also be extended to other landing areas for future
lunar landing exploration and even for other celestial bodies, providing more detailed
information for analyzing local geological evolution (e.g., potential surface resurfacing).

6. Conclusions

Small-sized (centimeter to meter scale) craters are the focus of our study. In contrast
to the existing studies, which have mainly concentrated on large-sized craters (hundreds
of meters), our study considers the degradation statistics of these small-sized crater popu-
lations to provide detailed information on the analysis of the surface resurfacing of local
areas. Based on this, 6316 craters with diameters from 0.15 to 67 m were identified and
classified into different degradation levels using their morphological differences on the
high-resolution Chang’e-4 LCAM mosaic images. The ground TCAM image and the
crater diameter-to-depth ratio obtained from the DEM of the Yutu-2 PCAM validate the
classification of crater degradation levels from a qualitative and quantitative perspective,
respectively. The results of the study indicated that:

(1)  The crater population is severely degraded, with over 90% of the craters being mod-
erately degraded (C3) and severely degraded (C4). Moreover, like the degradation
pattern of the large crater population, the smaller the crater size, the more severe
the degradation.

(2) The red and yellow outlined areas cover more small-sized craters (with minimum
crater diameters of 0.15 and 0.5 m, respectively) than the other two study areas in
this paper; unlike previous findings, they have more difficulty reaching equilibrium
(cumulative SFD slopes of —2.696 and —2.392 for these two areas). This may be due
to secondary craters and/or resurfacing events caused by ejecta from adjacent craters.
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Abstract: In situ resource utilization (ISRU) is required for the operation of both medium and
long-term exploration missions to provide metallic materials for the construction of lunar base
infrastructure and H,O and O, for life support. The study of the distribution of the lunar surface
elements (Fe, Ti, Al, and Si) is the basis for the in situ utilization of mineral resources. With the arrival
of the era of big data, the application of big data concepts and technical methods to lunar surface
chemistry inversion has become an inevitable trend. This paper is guided by big data theory, and the
Apollo 17 region and the area near the Copernicus crater are selected for analysis. The dimensionality
of the first-order differential spectral features of lunar soil samples is reduced based on Pearson
correlation analysis and the successive projections algorithm (SPA), and the extremely randomized
trees (Extra-Trees) algorithm is applied to Chang’E-1 Interference Imaging Spectrometer (IIM) data to
establish a prediction model for the lunar surface chemistry and generate FeO, TiO,, Al,O3, and SiO,
distribution maps. The results show that the optimum number of variables for FeO, TiO;, Al,O3, and
Si0; is 17, 5, 8, and 30, respectively. The accuracy of the Extra-Trees model using the best variables
was improved over that of the original band model, with determination coefficients (R2) of 0.962,
0.944, 0.964, and 0.860 for FeO, TiO;, Al;O3, and SiO;, and root mean square errors (RMSEs) of 1.028,
0.672,0.942, and 0.897, respectively. The modeling feature variables and model preference methods in
this study can improve the inversion accuracy of chemical abundance to some extent, demonstrating
the potential of IIM data in predicting chemical abundance and providing a good data basis for lunar
geological evolution studies and ISRU.

Keywords: moon; machine learning; successive projections algorithm; extremely randomized trees;
lunar chemistry

1. Introduction

From ancient times to the present day, humankind has never stopped exploring the
vastness of the universe. The Moon, the closest celestial body to the Earth, has always
been a prime target for human astronomical activities and is naturally the first step for
humankind to step out of the cradle of the Earth and into the vastness of the universe [1].
As humankind is currently facing a shortage of resources, the exploitation and utilization
of the rich lunar reserves of mineral resources can effectively alleviate the problem of
resource shortages for humankind in the future. Given the high cost of Earth-Moon
transportation, in situ resource utilization (ISRU) has become a fundamental technological
guarantee for the establishment of a lunar base [2—4]. Currently, the most important ISRU
project is to obtain HyO and O, for life support through ilmenite. However, increasing
human understanding and knowledge of the moon has revealed that any oxide can also be
reduced to its constituent elements through reduction processes and produce H,O and O,
as byproducts, which is a key issue worthy of study [5]. Therefore, the elements of greatest
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interest to us are the lunar surface elements Fe, Ti, Al, and Si. The study of the distribution
of Fe, Ti, Al, and Si is the basis for assessing the prospects for the exploitation of lunar
mineral resources and the rational exploitation of resources. Fe, Ti, Al, and Si can all be
used as sources of building materials for lunar base construction, with Fe mainly existing
in lunar mafic minerals, Ti accounting for a large proportion of the high-titanium mare
basalt [6,7], almost all Al on the lunar surface found in highland plagioclase [8], and Si is
always present in the form of silicates in nearly every rock and mineral grain on the Moon.
Therefore, this paper focuses on the inversion of Fe, Ti, Al, and Si on the lunar surface to
study the distribution and abundance of mineral resources and to lay the foundation for a
better assessment of the lunar mineral resources.

Currently, multisource remote sensing techniques based on y-ray, X-ray, and multi/hypers
pectral data are widely used for lunar surface chemistry inversion [9-16]. Compared with
high-energy techniques, multi/hyperspectral data have the advantage of high resolution;
therefore, many studies invert chemistry abundances based on multi/hyperspectral data. The
outcomes of these studies include FeO and TiO, distribution maps with a resolution of 100 m
obtained using Clementine data [17]; FeO, TiO,, Al,Os, SiO,, CaO, and MgO distribution
maps with a resolution of 200 m obtained based on IIM data [18-21]; FeO distribution maps
with a resolution of 20 m obtained based on Moon Mineralogy Mapper (M%) data [10]; a TiO,
distribution map with a resolution of 400 m obtained from the Lunar Reconnaissance Orbiter
Camera (LROC) Wide Angle Camera (WAC) [16]; and FeO, TiO,, AL,O;, CaO, and MgO
distribution maps with a resolution of 59 m obtained based on Kaguya Multiband Imager (MI)
data [22,23].

Among the four elements found on the lunar surface, namely, Fe, Ti, Al, and Si, Fe and Ti are
transition metals that can undergo ligand field transitions (d-d transitions). Accompanying this
electronic transition from low to high energy levels, the transition metals Fe>* and Ti** produce
absorption features in the visible to near-infrared range [18,24-26]; thus, the spectral features of
the lunar surface can be directly interpreted based on mineralogical principles [7,24,26]. Early
quantitative spectroscopic analysis of lunar samples demonstrates the potential for inversion
of lunar surface chemistry and mineral components using band ratio methods [27]. Currently,
this approach has been widely used for FeO and TiO, inversion [16,17,19,28-32]. However,
elemental abundance inversion is not limited to the chromophore elements Fe and Ti. Although
nonchromophore elements do not have absorption characteristics in the visible NIR, they affect
reflectance [18]. Therefore, many studies have used regression models to establish statistical
relationships between elemental abundance and spectral characteristics to predict chemical
abundance [20,21,33,34]. With continuous research, a variety of machine learning models have
been applied for oxide inversion. Regardless of whether the input variables are full or feature
bands, machine learning methods have displayed good performance in inversion [7,22,35-37].
For example, Korokhin et al. [7] proposed a nonlinear method based on an artificial neural
network (ANN) inversion of TiO, and avoided problems related to the limited number of bands
and the subjective selection of band combinations compared with the traditional linear regression
method. Zhang et al. [37] used principal component analysis (PCA) combined with a support
vector machine (SVM) to estimate the abundance of chemical compositions (SiO,, Al,Os, FeO,
MgO, and TiO,) and their maturity indicators (Is/FeO), where PCA was used to downscale the
reflectance spectra of lunar soil samples for screening and the SVM was used to build a predictive
oxide content model. Wang et al. [22] used a particle swarm optimization-support vector machine
(PSO-SVM) algorithm based on KAGUYA MI data to generate oxide abundance maps with a
spatial resolution of up to 59 m/pixel, and the map was relatively free of topographic shadows.

The selection of appropriate modeling feature variables and machine learning models
is particularly important for the accuracy of oxide inversion. Feature band selection
methods can improve the efficiency and accuracy of machine learning models to some
extent. However, methods that combine machine learning and multi/hyperspectral data
for the inversion of the lunar surface oxide content do not fully consider the preferential
selection of model feature variables. For example, Shkuratov [33] used multiple linear
regression models for three bands of 750, 915, and 965 nm from SMART-1 data. Wang &
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Niu [35] used 19 (571 nm-865 nm) bands of IIM data to construct a model after removing
anomalous bands. Wu [18] selected 22 bands in the spectral range of 561-918 nm for
modeling based on the magnitude of the signal-to-noise ratio. Sun et al. [20] screened four
single bands and three band ratios with high correlations in the 513 nm-891 nm range
based on Pearson correlation coefficients for modeling. Most of the above methods do
not consider the interrelationships between pairs of spectral features or between oxides
and spectral features, and adding all available bands to a model can have a negative
impact on the accuracy and generalization ability of the model. In response to the above
research deficiencies, Pearson correlation coefficients are adopted in this paper for the initial
screening of spectral features. Then, input parameters are secondarily screened based on
clustering analysis combined with the successive projections algorithm (SPA) to reduce the
covariance interference among spectral features while ensuring a high correlation between
input spectral features and oxides.

The extremely randomized trees (Extra-Trees) machine learning algorithm is selected
to build the oxide inversion model and improve the oxide inversion accuracy. The Extra-
Trees algorithm can effectively describe the small-sample, high-dimensional, and complex
nonlinear relationship between the oxide content and spectral reflectance by integrating
several weak learners to obtain a strong learner [38]. This approach shows a clear advantage
in the inversion of the oxide content. For model sample set partitioning, Jin et al. [39],
Li [27,40], and Zhang et al. [37] divided the training and test sets according to particle
size. Zhou et al. [41] randomly selected 2/3 of the samples as the training set for modeling
and 1/3 of the samples as the validation set. These segmentation methods are often
random. In this paper, we use sample set partitioning based on the joint x-y distance (SPXY)
algorithm to partition the samples in a way that maximizes the characterization of the
sample distribution and improves the stability of the model.

The inversion of lunar surface chemistry based on the concept and analysis methods
of big data is an inevitable trend in future development. The selection of suitable modeling
feature variables and machine learning models is crucial for achieving high-accuracy oxide
inversion. Guided by big data theory, big data concepts and technical methods are applied
to lunar chemistry inversion, and a prediction method for feature band selection combined
with an Extra-Trees model is proposed. First, the first-order difference bands are initially
screened according to the Pearson correlation coefficient, and they are then downscaled
using the bisecting K-means (BKM) algorithm combined with the SPA to determine the best
band combination. Second, the Lunar Soil Characterization Consortium (LSCC) training
sample is used to build an Extra-Trees prediction model. Finally, the model is applied to
predict the oxide abundance in the Apollo 17 region of the lunar surface and the region near
the Copernicus crater. The experimental results are compared with those of representative
models [15,17,30,31], and it is found that the model shows good agreement with them,
providing a new idea and method for the inversion of oxide abundances.

2. Materials and Methods

This paper proposes a method to invert the distribution of lunar surface chemistry,
targeting the need for ISRU. Figure 1 shows the technological flow chart of this paper,
which includes the following main steps:

(1) Feature band selection: The sensitive regions of each chemistry were initially screened
according to Pearson correlation coefficients, and then clustering analysis combined
with SPA was used for secondary screening to determine the best combination
of bands.

(2) Construction of an Extra-Trees model: Seventy-six LSCC samples with reflectance
and oxide content data were used as model inputs for training and testing.

(3) Prediction of chemical abundance: The IIM reflectance data were put into the model
to estimate the lunar surface chemical abundance.
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Figure 1. Flow chart of lunar surface chemical inversion.

2.1. Data Description
2.1.1. LSCC Data

The actual measured samples are important for studying the material components of
the lunar surface and are the only standard for testing the effectiveness of the inversion.
The LSCC soil sample data are stored in a spectral library created through the spectral
analysis of samples collected from the six Apollo lunar landings. The samples include
10 samples of highland lunar soil from Apollo 14 and Apollo 16 and 9 samples of mare
lunar soil from Apollo 11, 12, 15, and 17 [42]. Since the lunar surface spectral characteristics
are influenced by the particle size of the material, the LSCC screened the measured samples
for particle size and divided them into four groups, namely, <10 um, 10-20 um, 2045 pum,
and <45 um, for a total of 76 subsamples [27,42—44]. All measured spectra of lunar surface
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samples were obtained at the RELAB laboratory at Brown University using a phase angle of
30° at a sampling interval of 5 nm in the spectral range of 0.3-2.6 um [40-42]. Composition
data for the LSCC soils used in this paper are shown in Table 1.

Table 1. Composition data for LSCC soils used in this paper.

Region Mission Number Size (um) FeO TiO; Al,O3 SiO,
<10 12.00 7.25 15.90 42.10

Apollo 11 10,084 10-20 14.70 7.94 13.20 41.20
20-45 15.50 8.30 12.00 41.30

<10 12.50 2.78 14.90 46.00

12,001 1020 15.90 2.96 12.30 45.00

Apollo 12 20-45 16.90 3.20 11.00 45.30
<10 14.30 3.01 13.90 46.20

12,030 1020 17.20 3.32 10.70 46.30

20-45 17.60 3.74 10.50 46.10

<10 11.00 1.79 16.40 46.60

15,041 10-20 14.40 1.88 13.50 46.20

Apollo 15 20-45 15.20 2.03 12.50 46.10
<10 9.59 1.57 17.10 46.90

mare 15,071 10-20 15.40 1.88 12.90 45.70
20-45 15.60 2.33 12.40 45.80

<10 12.70 6.54 15.40 41.50

70,181 1020 15.50 7.88 12.70 40.40

20-45 16.00 8.11 11.50 40.70

<10 14.80 7.89 13.80 40.20

71,061 10-20 17.50 8.94 10.80 39.50

Apollo 17 20-45 18.50 9.48 9.33 39.20
<10 13.50 8.27 14.50 40.40

71,501 10-20 16.40 9.83 11.60 39.00

20-45 17.80 10.70 9.94 38.40

<10 11.30 5.83 15.90 42.30

79,221 10-20 15.00 7.21 12.90 40.90

20-45 15.80 7.38 11.60 40.50

<10 7.66 1.51 19.20 49.20

14,141 10-20 9.46 1.71 17.20 48.40

20-45 11.60 1.96 15.00 47.20

<10 8.83 2.07 18.90 47.20

14,163 10-20 10.10 1.88 17.00 47.40

Apollo 14 20-45 11.50 2.00 15.40 47.10
<10 7.82 2.02 19.30 47.90

14,259 10-20 9.71 1.96 17.40 47.50

20-45 11.00 1.99 15.80 47.10

<10 8.10 1.94 19.10 47.80

14,260 1020 9.84 1.98 17.30 47.50

20-45 10.70 1.86 16.30 47.40

<10 3.64 0.50 28.50 44.50

61,221 1020 4.40 0.54 27.50 44.50

highland 20-45 4.62 0.56 27.20 44.50
<10 3.66 0.59 27.40 44.90

61,141 10-20 5.14 0.64 25.60 44.60

20-45 5.15 0.58 26.10 44.50

<10 3.63 0.58 27.40 45.00

62,231 10-20 4.86 0.61 26.30 44.70

Apollo 16 20-45 5.31 0.58 25.70 44.50
<10 3.84 0.61 27.70 44.80

64,801 10-20 4.78 0.68 26.30 44.50

20-45 4.82 0.63 26.50 44.60

<10 3.35 0.34 29.40 44.50

67,461 10-20 4.64 0.39 27.80 44.10

20-45 493 0.44 27.30 44.40

<10 3.61 0.42 29.10 44.50

67,481 10-20 4.04 0.40 28.40 44.40

20-45 5.19 0.49 26.70 44.70

2.1.2. IIM Data

The IIM, one of the payloads of Chang’E-1, has achieved the first international ap-
plication of interferometric imaging spectroscopy in the field of planetary exploration.
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The wavelength range of ITM data is 480-960 nm, with a spectral resolution of 335 cm™!,
a total of 32 bands, and a spatial resolution of 200 m/pixel [18,45,46]. Critical to estab-
lishing a statistical relationship between the hyperspectral band characteristics of the
samples and the mineral element content is the requirement that the laboratory-measured
LSCC samples and the IIM image absolute calibrations have the same photometric calibra-
tion [7,21,33,47,48]. The IIM 2C data downloaded from the Ground Application System of
the Lunar Exploration Project have been preprocessed with radiometric correction, geo-
metric correction, and photometric correction [46,49]. The IIM data used in this paper are
based on the processing of 2C data with further recalibration processing, which includes
reflectance correction using Apollo samples. Therefore, the photometric conditions be-
tween the IIM image and the LSCC sample data are the same after preprocessing, and the
laboratory-measured LSCC samples can be used together with the IIM data.

IIM data quality evaluation is also an important prerequisite for performing scientific
inversion. As indicated by signal-to-noise ratio analysis, the first four bands of IIM 2C
data contain considerable noise, and the 32nd band has the highest noise level (lowest
signal-to-noise ratio observed). Therefore, 26 bands of data in the range between 513 and
891 nm (bands 5-30) are used in this paper.

2.2. Feature Band Selection

The reflectance spectra used in this paper are between 513 and 891 nm, and band
difference calculation results in 325 spectral bands. If all these spectral bands are input
into the model for prediction, the number of bands will be high, as will the correlations
between adjacent bands, which will inevitably lead to an increase in the redundancy of
spectral information and adversely affect the accuracy and generalization of the model [37].
Therefore, it is necessary to filter the sensitive bands that play a key role in the model.

Pearson correlation analysis is used to correlate the differentially transformed spectral
features and the oxide content to find the band differences with correlation coefficients
that pass the significance test at the 0.01 level. The results are used to identify the sensitive
feature regions of the differentially transformed spectra.

Due to the large number and continuous distribution of selected wavelengths, sec-
ondary screening is required within the sensitive regions identified with Pearson correlation
analysis. Considering the random nature of the initial bands of the SPA, to reduce the
possibility of the selection of invalid initial bands, the range of random initial bands is
restricted to the corresponding clusters by combining the above algorithm with a clustering
algorithm. Fine screening is performed separately in each cluster to eliminate the pres-
ence of covariance bands. The feature wavelengths selected by the SPA are those that are
most representative.

2.2.1. Bisecting K-Means Algorithm

The bisecting K-means algorithm is an improvement on and expansion of the K-means
algorithm, and it essentially bifurcates the selected clusters until the specified number
of clusters is reached while satisfying a criterion based on the sum of the squared error
(SSE) [50]. The SSE is defined as shown in Equation (1). The greatest advantage of this
algorithm over the traditional K-means method is that it is simple and fast to implement
and finds the globally optimal solution. Therefore, in this paper, the dichotomous K-means
algorithm is used for the clustering analysis of sensitive feature regions with differences,
and the initial K value is set to 3.

k

SSE=Y_ Y dist(c;, x)* 1)

i=1xeC;

where k is the number of clusters, ¢; is the cluster center of cluster C;, and x is a sample in
that cluster.
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2.2.2. Successive Projections Algorithm

The successive projections algorithm (SPA) is a forward iterative feature variable
selection method that minimizes the covariance in vector space, minimizes the redundant
information in the original spectral matrix, eliminates the effect of covariance, and can be
used for spectral feature wavelength screening [51,52]. The SPA starts with one wavelength
and introduces the wavelength with the largest projection vector into the set of wavelength
variables in each iteration by analyzing the projection of the vector until a specified number
of wavelengths is reached [53-55]. The exact procedure of the algorithm is as follows.

1. Inthe Istiteration (n = 1), any column of wavelength k(0) is chosen and denoted as
xj,wherej =1,...,].

2. The wavelengths that are not included in the set are identified ass = {j,1 <j < J,j
¢ {k(0),...,k(n—1)}}.

3. The projection of the initialized band x; with an unselected wavelength in orthogonal
space is calculated as

4. The maximum wavelength of the projection vector is calculated:

k(n) = arg(max(HijH)) ©)]

5. n=n+1;ifn < N, return to step 2.
6.  The final combination of wavelength variables is determined.

2.3. Sample Subset Partition

The division of the sample data set will affect the accuracy of the model estimates to
some extent. The SPXY algorithm was proposed by Galvao et al. [56]. The objective is to
use the physical-chemical variable ¥ and the spectral variable x to calculate the intersample
distance, fully characterize the sample distribution, effectively cover the multidimensional
vector space, increase intersample variability and representativeness, and improve model
stability [57,58]. The distance equation is as follows [56]:

4up) =\ [T )~ ) poa e LN @

dy(p,q) =\ (vp —¥4)" = [yp —vq| P9 € [LN] ®)

To ensure that the variables x and y give the same weight to a sample, dy(p,q) and
dy(p,q) are divided by the maximum value in the data set, respectively. Thus, the formula
after normalization is

dx(p, 1) 4y (p.4)
d y = + g€ (LN (6)
xy(P Q) maxp,qe[l,N]dx(p’q) maxp,qe[er]dy(qu) p-4q [ ]

In this study, the SPXY algorithm was used to divide the training and test sets of 76
LSCC samples based on the four oxide contents as y variables and the spectral features as x
variables, and the specific division results are shown in Table 2. The training set accounts
for 75% of all samples and contains 57 samples, and the test set accounts for 25% of all
samples and contains 19 samples. The statistical parameters of the oxide content in the test
set are generally within the same ranges as those of the training set, and the sample set
is divided reasonably and effectively, which helps improve the stability and reliability of
the model.
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Table 2. Statistical parameters of sample set partitioning.

Training Set Test Set
Elements Count Max Min Mean Std Count Max Min Mean Std
FeO 57 18.50 3.35 10.50 5.01 19 16.40 3.66 10.83 4.40
TiO, 57 10.70 0.34 3.49 3.21 19 7.94 0.35 2.38 241
Al Os 57 29.40 9.33 18.90 6.83 19 27.40 11.60 16.52 496
SiO, 57 49.20 38.40 44.35 2.75 19 47.60 40.40 44.90 2.31

2.4. Extra-Trees Regression

Extra-Trees is an integrated algorithm based on decision trees with good generalization
and robustness and was proposed by Geurts et al. [38]. The Extra-Trees algorithm is trained
using all training samples, and different decision trees are constructed according to different
features. The score of each random classification node for K random features is calculated
with the Score function (Equation (7)), and the node with the highest score is selected
as the splitting node [59,60]. When a new sample is input, multiple decision trees in the
integrated model score it, and the final prediction is based on the average of all decision
tree predictions [61].

var{y|s} — [Zroar{y|s;} — Foar{yls,}
var{y|S}

where var{y|S} is the variance of the output y in sample S and I and r denote the left and
right divergence values of the nodes, respectively.

Unlike random forests that build each tree by sampling with feedback, Extra-Trees
uses the entire training sample to establish each tree, which can effectively reduce the
effects of the bias and variance of the sample set [62]. Moreover, unlike random forests that
obtain the best bifurcation within a random subset, Extra-Trees obtains the bifurcation of
each decision tree completely randomly [38].

In this paper, the Extra-Trees algorithm is used as the lunar surface oxide content pre-
diction model, and the flow chart of this model is shown in Figure 2. The best combination
of bands after secondary screening is input into the model, and each oxide content is output
to construct the Extra-Trees oxide content prediction model. The implementation of the
Extra-Trees model in this study is based on the ExtraTreesRegressor algorithm provided
in the sklearn package of the Python language. The algorithm has two main parameters,
including the minimum size of the samples for splitting the nodes, #,,;,, and the size of
the randomly selected attributes for each node, k [38]. According to Geurts’s experimental
results, the default parameter settings are generally satisfactory in terms of accuracy and
computational efficiency; therefore, the default parameters are used.

@)

Scorer(s,S) =

2.5. Evaluation Indicators

The accuracy and predictive ability of the model are mainly evaluated in terms of the
coefficient of determination (R?) and root mean square error (RMSE). R? is used to evaluate
the correlation between the predicted and true values of the sample, and the closer R%is
to 1, the higher the correlation between the predicted and true values (Equation (8). The
RMSE is used to evaluate the predictive ability of the model for a given data set, and the
smaller the RMSE is, the better the predictive ability of the model [37,52].
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Figure 2. Flow chart of the Extra-Trees model.
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n

where ¢, ¢; and ¢; denote the true, predicted, and mean values of the ith sample, respec-
tively, and n denotes the number of samples.

3. Results
3.1. Correlation Coefficients between Elements and Reflectance

In this paper, IIM reflectivity data in the range of 513-891 nm were used as the basis
for the estimation and analysis of the lunar surface oxide content. First, the standard
bidirectional emissivity data for 76 LSCC samples (300-2600 nm) were resampled into
the wavelength range of I[IM data (513-891 nm) using a linear interpolation method. The
spectral data after resampling were differentially transformed to obtain the reflectivity
spectral band difference.

The linear correlation coefficients between LSCC reflectance and the content were
calculated (Figure 3). The results showed that the correlation coefficients did not vary
significantly within 513-891 nm, and the correlation coefficients between FeO, TiO,, Al,O3,
and SiO; and reflectance remained at approximately 0.75, 0.58, 0.79, and 0.25, respectively.
Additionally, positive correlations were observed between the Al,O3 and SiO, contents

221



Remote Sens. 2022, 14, 5248

and spectral reflectance, and negative correlations were observed between the FeO and
TiO, contents and spectral reflectance.
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Figure 3. Linear correlation coefficients between the contents of the four oxides and LSCC re-
flectance data.

The correlations between the elemental contents and LSCC reflectance are mainly
concentrated in the grain size range of 10-20 um, as the optical information at these sizes
is most similar to that of the bulk soil [18,63]. Figure 4 demonstrates the relationship
between the 891 nm reflectance and the content of each oxide (FeO and TiO,) in the
LSCC samples of size 10-20 um. The FeO and TiO, contents decrease with increasing
reflectance, highlighting the negative correlations between the FeO and TiO; contents and
spectral reflectance. However, the relationship between elements and IIM reflectance is
not necessarily linear. For some oxides, it is difficult to describe the complex relationship
between them and the spectra based on conventional linear regression [36], and suitable
nonlinear models are needed to invert the major oxide contents.
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Figure 4. Relationship between the 891 nm reflectance and the (a) FeO and (b) TiO, contents in LSCC
samples with 10-20 um grain sizes.

Moreover, there are also correlations among elements. As shown in Figure 5, there is a
significant inverse correlation between the FeO and Al,O3 contents and a significant inverse
correlation between TiO, and SiO,. These findings are consistent with the conclusion that
there are positive correlations between the Al,O3 and SiO; contents and spectral reflectance
and negative correlations between the FeO and TiO; contents and spectral reflectance, as
shown in Figure 3.
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Figure 5. Correlations between (a) FeO and Al,O3 and (b) TiO, and SiO, in the LSCC samples with
10-20 um grain sizes.

Figure 6 shows the correlations between the reflectance band differences and the major
oxides, and the color of each point in the figure indicates the magnitude of the correlation
coefficient between the band differences and the oxide contents. The results show that
the band differences display the highest correlations with FeO and Al,O3 and the lowest
correlations with TiO, and SiO,. The maximum value of the correlation coefficient between
FeO and the band difference is located at 541 nm-532 nm (0.861); most of the correlation
coefficients between Al,Os and the band difference of IIM are approximately 0.80, and
the maximum value is 0.870. Additionally, the correlation between TiO, and the band
difference of IIM decreases from the lower left to the upper right corner, and the maximum
value appears at 532 nm-522 nm (0.710). The correlation between SiO, and the band
difference is poor, with a maximum value of 0.427, and most of the correlation coefficients
are approximately 0.40. In general, for the four oxides, the high correlations are mainly
concentrated in the lower left corner, and the band differences among the longer bands
(upper right corner in the figure) are poorly correlated. Correlation calculations for the
original bands and all band differences in the IIM spectral range separately show that band
differences can be used to effectively enhance the correlations between reflectance and the
oxide contents to determine the best combination of bands for subsequent modeling.
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3.2. Screening of Feature Bands

The band differences that passed the 0.01 significance test were screened twice, and
the sensitive bands identified through BKM clustering analysis combined with SPA are
shown in Table 3. These bands are used as the inputs to the model.

Table 3. Final screening results for feature bands.

Oxide Clusterl-n 8 Number of Bands Selected Band (nm)
Categories
522-583, 631-777, 645-721, and 659-842,
Category 1 5/91 and 659-891
FeO 513-757, 513-819, 522-659, 551-721,
Category 2 9/123 551-777, 561-842, 606-777, 606-891,
and 618-819
Category 3 3/99 532-583, 739-819, and 739-891
Category 1 1/81 513-631
TiO, Category 2 1/119 522-673
Category 3 3/87 606-659, 721-819, and 739-797
Category 1 1/91 522-631
AlL,O3 Category 2 4/123 513-891, 561-797, 606757, and 645-842
Category 3 3/98 513-561, 739-891, and 739-819
513-618, 522-594, 532-583, 541-572,
Category 1 10/125 551-645, 561-673, 572-689, 583-631,
SiO, 606—659, and 631-757
513-631, 513-673, 522-659, 522-689,
Category 2 12/46 532-645, 551-721, 561-739, 572-721,
572-757, 583777, 606-739, and 618-777
Category 3 8/32 513-721, 513-777, 522-705, 522-819,

532-739, 551-757, 561-777, and 583-797

3.3. Establishment and Evaluation of the Extra-Trees Model

The spectral features obtained based on the band reduction screening were used as
the independent variables for the Extra-Trees modeling analysis. Additionally, the lunar
surface oxide content was used as the dependent variable, and the SPXY algorithm was
applied to divide the sample set and establish the Extra-Trees model. To effectively analyze
the results of variable screening, the modeling results for the original bands were also
applied for comparison. The prediction results (Figures 7 and 8) show that the coefficients
of determination R? of the FeO, TiO5, Al,O3, and SiO, prediction models after differential
transformation and variable filtering were 0.962, 0.944, 0.964, and 0.860, respectively, which
are all greater than 0.850, indicating good prediction ability for the four oxide contents.
The model accuracy is improved compared with that obtained based on the original bands,
further verifying the importance of the differential transformation of the original bands and
reduced-dimension filtering of the variable information. The modeling accuracy of feature
band selection was compared with the accuracy reported by Wu [18] (Table 4), and the
accuracy for all four oxide contents after differential transformation and variable screening
was improved. Therefore, in this paper, the differential variables obtained based on the
SPA were adopted as the inputs to the model for prediction.
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Table 4. Comparison of the accuracy of the four chemical abundance tests with the results of Wu [18].

FeO (Wt.o/o) Ti02 (Wt.o/o) A1203 (Wt.o/o) SIOZ (Wl’.o/o)
Calibration in this work (Extra-Trees model based on feature band selection)
R? 1 1 1 0.974
RMSE 0.012 0 0.032 0.438
Validation in this work (Extra-Trees model based on feature band selection)
R? 0.962 0.944 0.964 0.860
RMSE 1.028 0.672 0.942 0.897
Calibration by Wu [18]
R? 0.90 0.69 0.92 0.76
RMSE 1.58 2.00 1.68 0.75
Validation by Wu [18]
R? 0.88 0.59 0.90 0.67
RMSE 1.76 2.26 1.92 0.91

3.4. Extra-Trees Modelling in the Apollo 17 Area

The Apollo 17 area is close to the junction of Serenitatis and Tranquillitatis, and the
coordinates of the landing site are (30°44'58.3"E, 20°9'50.5”N). The geological environment
of the area is complex; according to the analysis of Apollo17 samples, the rock types in the
area are mainly overlying mare basalts and orange-grey breccia [64].

3.4.1. Extra-Trees Modelling of FeO

Fe mainly exists in lunar mafic minerals, and understanding the abundance and
distribution of Fe can aid in understanding the nature and origin of the Moon and provide
an indicator of lithology to distinguish between mare and highland [65]. In this paper, Extra-
Trees modeling is performed with the effective bands obtained by the Pearson correlation
coefficients and SPA. Due to the large number of bands of IIM data that undergo band-
difference transformation, the coverages overlap. The sensitive bands that play a key role
in the model are first screened, and the model is then trained and tested; however, the
regression results are not the only reference used to evaluate the model. To further verify
the accuracy of the model, it was applied to the Apollo 17 area (landing site coordinates:
30°44'58.3" E, 20°9'50.5” N) to evaluate the accuracy of FeO inversion.

The FeO training and testing accuracies for the Extra-Trees model after variable
screening are shown in Figure 8a, where the blue dots represent the training set, and the
red dots represent the test set. The coefficient of determination (R2) for the test set is 0.962,
and the RMSE is approximately 1.028. The FeO inversion results (Figure 9) show that the
predicted FeO abundance in the region near the Apollo 17 landing site ranges from 7.64 to
15.72 wt.%, and the FeO content of the mare area is significantly higher than that of the
highland area, with good consistency regarding the distribution of FeO content values in
comparison with the results of Lucey et al. [17].

3.4.2. Extra-Trees Modelling of TiO,

The distribution of the TiO, content varies greatly among different types of mare
basalts; thus, it is the key to classifying mare basalt types and is important for the exploita-
tion of lunar ilmenite resources [6]. The optimal band selection for TiO, is similar to that
in the FeO model. First, the 287 bands that passed the p < 0.01 significance test were used
to establish the sensitive region for TiO,, and the best band combination was selected by
clustering analysis and applying the SPA. The results are shown in Table 4.
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() IIM 757 nm REF (b) Clementine FeO (c)

Figure 9. Apollo 17 area: (a) IIM 757 nm reflectance image, (b) FeO contents from Lucey et al. [17],
and (c) FeO prediction results of the Extra-Trees model based on feature band selection.

The TiO; training and testing accuracies of the Extra-Trees model after variable screen-
ing are shown in Figure 8b, where the coefficient of determination (R?) for the test set is
0.944 and the RMSE is approximately 0.672. The model was applied for TiO; inversion in
the test area (Figure 10), and the results show that the TiO, abundance ranges from 2.21 to
9.37 wt.%; the high-value areas are mainly located in the mare, and the low-value areas
are mainly in the highland, which is generally similar to the results reported by Lucey
et al. [17]. The inversion results display a similar trend, but the lower limit value of TiO; is
higher, and the contents are slightly higher in the lower left corner of the figure, which may
be due to the effect of topographic shadowing from the light angle.

3.4.3. Extra-Trees Modelling of Al,O3

Almost all Al on the lunar surface is present in plagioclase, and the distribution of the
Al,O3 content is related to the formation and evolution of the lunar crust; notably, levels
are highest in highland calcarenite rocks and intermediate in mare basalts and can be used
to assist in distinguishing mare basalts from highland plagioclase. To assess the accuracy
of its inversion, an initial screening based on Pearson correlation coefficients was carried
out, followed by BKM clustering analysis combined with the SPA algorithm to find the
best band combinations for Al;Os. From Table 3, it can be seen that the eight best band
differences were finally screened and used as input to the model for modeling.

The training and testing accuracies of the Al,O3 Extra-Trees model after variable
screening are shown in Figure 8c. The coefficient of determination (R?) for the test set with
this method is 0.964, and the RMSE is approximately 0.942. The model was applied to
the Apollo 17 region for Al,O3 inversion, and the results (Figure 11) show that the Al,O3
abundance obtained with this method ranges from 11.75-24.43 wt.%, with a mean value of
14.70 wt.%. The abundance of Al,O3 in the highlands region is lower than that in the mare
region, and this correlates negatively with FeO.
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Figure 10. Apollo 17 area: (a) IIM 757 nm reflectance image, (b) TiO, contents from Lucey et al. [17],
and (c) TiO, prediction results of the Extra-Trees model based on feature band selection.

(a) 1M 891 nm REF (b)

Figure 11. Apollo 17 area: (a) IIM 891 nm reflectance image, (b) Al,O3, (c) SiO; prediction results of
the Extra-Trees model based on feature band selection.

3.4.4. Extra-Trees Modeling of 5iO,

Si0; is in nearly every rock and mineral grain on the Moon as the fundamental
component of silicate minerals. The optimal waveband selection for SiO; is similar to that
for FeO, and the optimum number of bands for SiO; is shown in Table 3, with a total of
30 band differences.
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The training and testing accuracies of the SiO, Extra-Trees model after variable screen-
ing are shown in Figure 8d. The R? value for the test set obtained with this method is 0.860,
and the RMSE is approximately 0.897. The model was applied for SiO, inversion in the
Apollo 17 region (Figure 11c), and the results show that the SiO, abundance obtained with
this method ranges from 41.08 to 45.67 wt.%, with a mean value of 43.84 wt.%. SiO, is
commonly found in lunar rocks, with higher levels in the highland than in the mare, which
is negatively correlated with TiO;.

3.5. Oxide Content Mapping for the Copernicus Crater Region
3.5.1. Regional Distribution of Lunar Surface Chemistry

Using ArcGIS as the platform, a 1:2,500,000 lunar geological map of the study area
was mapped (Figure 12), which covers a geographical area of approximately 125 x 10* km?
at longitudes of —52° to 6.6° W and latitudes of —2.8° to 28° N. The study area is mainly
occupied by the Copernicus crater, Kepler crater, and Aristarchus crater, located in the
transition zone between the mare and the lunar highlands in the south of the Oceanus
Procellarum. The study area is rich in geomorphic features and material types, and the
rocks are mainly mare basalts, followed by KREEP rocks and ferroan anorthositic suite.
Linear structures are widely developed and distributed and are of great importance to
studies of lunar diagenesis and geological evolution.

Legend

02550 100 150 200 250 km
e

122,500,000

Figure 12. A 1:2,500,000 geological map [66] of the study area.

In the study area, the mare basalt is widely distributed in the lower and flat region,
including south of Oceanus Procellarum and the impact basin floor, basically occupying
the entire study area. These mare basalts formed between 19 Ga and 37 Ga ago according
to the isotopic age data of lunar samples and the dating results of crater size-frequency
distribution (CSFD) for mare basalt units. Meanwhile, a large number of tectonic develop-
ments are present, and the main linear formations are rills, wrinkle ridges, and crater-floor
fractures, with wrinkle ridges being the most numerous, widespread, and characteristic
linear structures, mainly within the mare basalt. Rills are also widespread and distributed
around the wrinkle ridges; the circular structures are mainly domes, volcanic vents, craters,
and impact basins.

The main geological evolution in the study area includes endodynamic geological
evolution processes, such as differentiation of magma ocean, plutonic magmatism, and vol-
canism, and exodynamic geological evolution processes such as impact. During the Magma-
Oceanian period, the primary ferroan anorthositic crust mainly formed, followed by the
formation of the Copernicus-H basin in the Aitkenian, the Imbrain basin in the Imbrian, the
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Timocharis crater in the Eratothenian, and the Copernicus, Kepler, and Aristarchus craters
in the Copernican.

An Extra-Trees model based on variable screening was used to invert the oxide
contents in the region near the Copernicus crater using IIM data, and frequency histograms
were plotted based on the oxide contents (Figures 13 and 14).

(a) . ) FeO ] (b) ‘ TlOz

© @

wt.%

10.27 29.09
Figure 13. Predicted results of oxide contents in the study area: (a) FeO, (b) TiO;, (c¢) Al,O3; and
(d) SiO;.
8
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Figure 14. Smoothed histograms of four oxide contents in the study area.

Figure 13 shows the predicted results of oxide contents (FeO, TiO,, Al,O3 and SiO,)
in the Copernicus crater region. As shown in Figure 13, the FeO content ranges from
3.61 to 17.68 wt.%, with a mean value of 12.51 wt.%. The FeO content in the mare is
significantly higher than that in the highland, with the lower FeO content mainly located in
the Copernicus crater, Aristarchus crater, and Kepler crater floor, and the high FeO content
area mainly located on the southwest side of Kepler crater. The frequency histogram in
Figure 14 also shows a clear bimodal distribution, with the first peak at approximately
12.80 wt.% and the second peak at approximately 15.1 wt.%. The TiO; content ranges from
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0.38 to 8.88 wt.%, with a mean value of 2.60 wt.%. Its content is significantly higher in
the mare than in the highland, and there is a positive correlation between the FeO content
in areas with high TiO; content in the mare basalt area. The low TiO, content areas are
mainly located around the Copernicus, Aristarchus, and Kepler craters, and the high TiO,
content areas are mainly located on the southwestern side of the Kepler crater and the
northeastern side of the Copernicus crater, while the rest of the mare has moderate TiO,
content. The frequency histogram distribution shows a clear bimodal distribution, with
the first peak at approximately 2.16 wt.% and the second peak at approximately 2.82 wt.%.
The Al,O3 content ranges from 10.27-29.09 wt.%, with a mean value of 13.56 wt.%. It
is clearly higher in the highland than in the mare, with an inverse correlation with FeO
content. The high-value areas are mainly located in the vicinity of craters, with lower levels
in the mare, especially on the southwestern and western sides of the Kepler crater. The
frequency histogram of Al,O3; shows a clear bimodal distribution, with the first peak of
approximately 13.57 wt.% and the second peak of approximately 18.25 wt.%. The SiO,
content ranges from 39.82 to 47.01 wt.%, with an average value of 39.53 wt.%. The SiO,
content is high throughout the study area, ranging from 39.82 to 47.01 wt.%, with a mean
value of 39.53 wt.%. The content is significantly higher in the highland than in the mare,
which shows an inverse correlation with TiO,. The high-value areas are mainly located
within the crater and its sputtering, with lower levels in the rest of the area. The SiO,
first peak of the frequency histogram is approximately 41.11 wt.%, and the second peak is
approximately 44.25 wt.%.

3.5.2. Comparison with Previous Works

Figures 15 and 16 show the FeO and TiO, content distributions generated based on the
different data/methods. First, the correlation analysis was carried out with the FeO content
distribution maps generated in this paper (Table 5). The correlations between the FeO
inversion results in this paper and the inversion results of Clementine, IIM (band ratio), and
LP GRS data were 0.91, 0.89, and 0.90, respectively, and the correlation was basically stable
at approximately 0.90. The correlations between the TiO, inversion and the Clementine
and IIM (band ratio) inversions (Table 6) were 0.61 and 0.65, respectively. Due to the low
resolution of the GRS TiO; data, this correlation was not analyzed. As seen in Figure 15,
the FeO and TiO; contents of the inversions in this paper are lower than the mean values
of the inversions of other models. To better compare the discrepancy between the inversion
results of this paper and the Clementine FeO results. the IIM FeO map is compared with
the Clementine FeO product resampled to the same resolution (0.5°), and the correlation
between the two products is 91%, with good agreement, as shown in Figure 17. The
difference between the results of this paper and Clementine may be due to the influence of
topographic shadows caused by the camera angle, post-image processing, and differences
in the oxide inversion algorithm. Additionally, using IIM data, the difference between the
results of this paper and the band ratio-based method is mainly due to differences in the
oxide inversion algorithm and post-image processing. In contrast to the IIM optical image
data, which can only capture the material component of the lunar surface, the LP GRS
data are not affected by topographic shadows, light angles, etc., and can be detected to
a depth of 20-30 cm below the lunar surface [15]. Therefore, the difference between the
results of this paper and the LP GRS is mainly because the GRS data are not affected by
topographic shadows and because the GRS data are deeper than the IIM data. The results
from different data and methods indicate that, despite the different absolute abundance
ranges, their relative abundances are similar to each other [19,33].
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Figure 15. Distribution of FeO based on different data/methods.

TiO,-Clementine TiO,-1IM (band ratio)

Figure 16. Distribution of TiO, based on different data/methods.

Table 5. Correlation coefficients based on different data/methods for FeO inversion.

Statistical Values of Predicted FeO

Parameters This Work Clementine [17] IIM (Band Ratio) [30] LP GRS [15]
Average 12.51 13.98 13.8 15.82
Standard Deviation 4.7 5.61 6.19 6.26
Correlation Coefficients 1 0.91 0.89 0.9

Table 6. Correlation coefficients based on different data/methods for TiO, inversion.

Statistical Values of Predicted TiO,

Parameters This Work Clementine [17] IIM (Band Ratio) [31] LP GRS [15]
Average 2.6 4.1 2.68 2.87
Standard Deviation 1.36 2.94 1.64 1.67
Correlation Coefficients 1 0.61 0.65 0.48
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Figure 17. Two-dimensional scatter plot of the difference between the Clementine FeO and IIM
FeO abundances.
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The existence of negative correlations between FeO and Al,O3 and TiO, and SiO;
was verified. Specifically, two-dimensional density plots of FeO and Al,Os3 and two-
dimensional density plots of TiO, and SiO, were established (Figure 18). The results show
that the correlation between FeO and Al,O3 is 75%, and the correlation between TiO, and
Si0; is 76%. These results are consistent with the previous conclusion that Fe is negatively
correlated with Al content and that a decreasing Si phenomenon tends to occur along with
the enrichment of Ti elements [64].
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Figure 18. (a) Two-dimensional density plot between IIM FeO and IIM Al,O3 and (b) Two-
dimensional density plot between IIM TiO, and IIM SiO,.

4. Discussion

In this paper, a new method of feature band selection combined with Extra-Trees
is presented to predict oxide contents on the lunar surface. The results show that the
proposed method has good potential for assessing the distribution of oxide contents using
spectral features.

4.1. Comparison with Other Similar Studies

Previous studies mainly used two bands to retrieve oxide contents according to
the absorption characteristics of mineral elements in the visible near-infrared (VNIR)
band. For example, 750 nm and 950 nm [17], 757 nm and 891 nm [21], and 757 nm and
918 nm [19] were used to retrieve the FeO content. Additionally, wavelengths of 415 nm and
750 nm [17,67], 531 nm and 757 nm [19], and 321 nm and 415 nm [16] were used to retrieve
TiO; content. Due to the complexity of the lunar soil composition, the ability to describe the
nonlinear relationships between spectral features and oxide contents from only two bands
is very limited [36], and the accuracy of composition inference is highly dependent on
the selected inversion models [68]. In addition, nonchromophore elements do not display
absorption characteristics in the VNIR region, which makes it difficult to use most methods
in nonchromophore element (Al and Si) inversion. Currently, some scholars [18,20,54]
have established the relationships between spectral features and oxide contents based on
regression models to invert these oxide contents. Therefore, the inversion of oxide contents
on the lunar surface using regression models has become a popular research topic.

Spectral pretreatment methods can improve the correlations between spectral fea-
tures and oxide contents, as has been well established in previous studies. For example,
Li [40] attempted to improve the performance of a model by using a log(1/reflectance)
transformation approach. Pieters [26] and Sun et al. [20] applied a band-ratio approach to
improve the above correlations. Wu [18] experimentally demonstrated that the correlations
obtained considering band differences were superior to those obtained with the band-ratio
technique. Therefore, the first-order band-difference transformation method was chosen in
this paper to improve the correlations between spectral features and oxide contents. After
the preprocessing of spectral data, feature band selection is crucial. However, previous
studies paid little attention to the optimization of feature variables in models. In this study,
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on the basis of earlier methods [20,37], the Pearson correlation coefficient and SPA are used
to select characteristic bands, thus ensuring that high correlations between input spectral
features and oxides are retained and reducing the multicollinearity among spectral features.
With expanding research, a variety of machine-learning models have been applied to the
inversion of lunar surface oxides. The Extra-Trees algorithm selected in this paper can
effectively describe the nonlinear characteristics of the studied features and provides strong
generalization ability and robustness. This feature band selection approach combined
with the Extra-Trees prediction method for predicting oxide contents on the lunar surface
yielded reasonable accuracy for the sample test set (R? values of 0.962, 0.944, 0.964, and 0.86
for FeO, TiO,, Al;O3, and SiO,, respectively, and RMSEs of 1.028, 0.672, 0.942, and 0.897,
respectively) and the regional scale (Apollo17 area; the area near the Copernicus crater).

4.2. Future Prospects

(1) The LSCC sample data used in this paper are mainly distributed in the low-latitude
area of the lunar nearside, and the number of samples is small; consequently, the
distribution characteristics of the oxide contents on the lunar surface cannot be com-
prehensively reflected, and there are limitations in both quantity and region. This
leads to some uncertainty in the prediction results. In the future, more samples should
be obtained to supplement the sample data limitations in certain regions of the Moon,
such as at middle and high latitudes, and increase the number of samples, which is
expected to improve the accuracy of chemical abundance distribution characteristics.

(2) There are spectral anomalies at the edges of different orbit images of IIM hyperspectral
data, and factors such as solar azimuth and topographic relief will lead to shadows in
the images, which will inevitably increase errors in the inversion results. In future
research, we should consider how to mitigate the spectral anomalies and topographic
shadows in IIM data or explore the potential of using higher-quality and higher-
resolution remote sensing data for inversion, such as the M® data obtained with the
Indian satellite Chandrayaan-1 and the MI data obtained with Kaguya in Japan, to
improve the prediction accuracy of the model.

(3) The continuity of hyperspectral data greatly enriches the amount of information
available in remote sensing data, but it can also lead to issues such as information
redundancy and high correlations between bands. Therefore, determining how to
obtain the best combination of sensitive bands is an important step in the application
of hyperspectral data. The sensitive band screening method applied in this paper
provides a reference for other chemistry inversion research. In the future, more band
screening algorithms can be applied for feature selection with lunar hyperspectral data
to reasonably select the best number and combination of bands and improve accuracy.

(4) Inthe era of big data, big data theory and technology are important tools for solving
practical problems. The application of machine learning and deep learning algorithms
for lunar chemistry inversion is still in its infancy. Although the Extra-Trees model
developed in this paper provides good prediction ability, there is still room for further
improvement. Thus, a future development direction is to complete lunar surface
oxide inversion through better machine learning and deep learning methods.

5. Conclusions

The plan to return to the Moon in the new era is to develop and utilize lunar resources,
establish a lunar base, and use the Moon as a springboard to gradually carry out deep
space exploration. Through comprehensive remote sensing exploration of the Moon to
analyze and assess the distribution of lunar mineral resources, it can provide a long-term
stable resource reserve for the sustainable development of human society. In this paper,
using IIM data, the original reflectance as the initial input and the oxide contents of LSCC
samples as the desired outputs, we use a combination of the mathematical transformation
of spectral data (first-order difference method), a feature band selection technique (with
the SPA) and a machine learning modeling method (Extra-Trees). The correlations between
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reflectance and oxide contents are improved to identify the difference bands most sensitive
to oxide levels and construct a prediction model with excellent inversion ability for lunar
surface oxide (FeO, TiO,, Al;O3, and SiO;) contents. This approach can solve the problems
of low accuracy and poor generalizability encountered with traditional modeling methods
based on raw spectral data. The main conclusions of this paper are as follows.

(1) The correlation calculations for the original bands and all band differences in the IIM
spectral range separately show that considering the band differences can enhance the
correlations between reflectance and oxide contents. Thus, the best combination of
spectral bands can be used in subsequent modeling, and the accuracy of the model
can be improved. Moreover, the calculated interelement correlations suggest that Fe
is negatively correlated with Al and that Si depletion is often accompanied by the
enrichment of Ti.

(2) Intotal, 325 band differences were initially screened using Pearson correlation coeffi-
cients, and then secondary downscaling screening was performed according to BKM
combined with SPA. Consequently, 17, 5, 8, and 30 feature bands were retained for
the four oxides (FeO, TiO;, Al,O3, and SiO;, respectively) for modeling. The SPA
encompasses most of the spectral information associated with samples, effectively
reduces the complexity of modeling and reduces the covariance interference among
spectral features.

(3) Machine learning algorithms are increasingly integrated with lunar surface chemistry
inversion in the big data era. Big data undoubtedly provide new data-driven research
methods and can effectively overcome the relatively limited numbers of lunar samples.
Moreover, the high dimensional and complex nonlinear relationships between oxide
contents and spectral reflectance can be better described. In this paper, we apply the
Extra-Trees algorithm for chemistry inversion to predict the distribution of chemistry
on the lunar surface. The results show that the R? values of the test sets for FeO, TiO»,
Al)O3 and SiO; are 0.962, 0.944, 0.964, and 0.860, respectively, and the RMSE values
are 1.028, 0.672, 0.942, and 0.897, respectively, improving the modeling accuracy over
the original bands.

(4) The average contents of the four oxides (FeO, TiO;, Al;O3 and SiO;) in the region
near the Copernicus crater are 12.51 wt.%, 2.60 wt.%, 13.56 wt.%, and 39.53 wt.%,
respectively. The oxide content distributions display obvious variations, and the
frequency histograms show a clear bimodal distribution. The comparison of the
present result with representative models shows that the model in this paper provides
good agreement in the inversion of oxide abundance, thus providing a new idea and
method for the inversion of oxide abundance.
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Abstract: We use multi-source remote sensing data to identify the details of a mascon south-east
of the lunar Copernicus crater. Studies of the topography, gravity, geochronology and mineral are
combined to prove that the mascon is a buried peak-ring basin with diameters of about 130 km
and 260 km. The underground structure is covered by 890 m thick mare basalts, as determined by
analyzing the spectral features of the impact crater, Copernicus H. The determination of the crater
size—frequency distribution (CSFD) suggests that the impact that created the C-H basin occurred
earlier than 3.9 Ga. Then, a Hawaiian-style eruption in the late Imbrian period formed the Sinus
Aestuum-I dark mantling deposit (DMD). Soon, mare basalts covered the basin several times from
3.8 Ga. Finally, the ejecta from the Copernicus impact event at about 800 Ma, and the weathering
processes caused the disappearance of the C-H basin rim from the lunar surface.

Keywords: Copernicus; buried basin; mascons; multi-source remote sensing data; planetary geology;
planetary topography; planetary geomorphology

1. Introduction

Over the last half-century of lunar exploration, vast amounts of images and spectral
data were collected, as well as data describing the topography, gravity and magnetism.
Combining these multi-source data allowed scientists to learn the general process of plane-
tary geology evolution. Craters are one of the most noticeable geomorphological features
on the lunar surface. Most recent studies focus on their morphological characteristics and
spatial distributions [1-4]. The use of multi-source data allowed to scientists reconstruct
the geological history of the lunar craters, among the most noticeable geomorphological
features on the Moon. For example, the repetitive lava filling events in Sinus Iridum Bay
were identified by combining images, topography, spectral data and dating results [5]. In
addition to craters and basins exposed on the lunar surface, there are also some basins
buried by basalt. These buried basins have positive gravity anomalies and are called
mascons. Mascons were discovered in 1968, in association with the giant circular basins [6].
Numerous theories of the relationship between mascons and the mechanisms for creation
of the circular basins have been suggested, such as: mantle plugs upwelling into giant
impact basins followed by volcanic filling [7,8], the puddling of high-density meteorite
material [9], crater in a low-density lunar crust filled by normal-density basaltic lava [10],
and the uplift of the basin center [11].

Prior to the gravity model derived from the doppler tracking of the Lunar Prospector
(LP) spacecraft, mascons were distributed at equatorial latitudes on the lunar nearside,
filled with mare. The LP model helped to identify seven new mascons on both sides of the
Moon: three of them have no visible mare fill, supporting the mantle plug contribution [12].
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Gravity Recovery and Interior Laboratory (GRAIL), launched in 2011, returned high reso-
lution gravity data leading to the discovery of more mascons. The discoveries were not
limited to the impact basins, but included apparently buried basins. Scientists proposed a
new term for these small sizes mascons: quasi-circular mass anomalies (QCMAs) [13] and
positive Bouguer gravity anomalies (PBGAs) [14]. With new 900 or 1200 degree gravity
models, the additional small mascons have been identified. Evans et al. revealed more
than 100 QCMAs on the lunar nearside and inferred a 1.5 km lower bound on the average
thickness for the nearside lunar mare [13]. Two buried basins (200 km and 160 km in
diameter), located in the north-western rim of Lacus Somniorum and Maria Tranquillitatis,
validated the forward modeling approach [15]. Neumann et al. doubled the GRAIL inven-
tory of the lunar basins and determined the main ring diameters of the previously known
degraded basins [16]. In Oceanus Procellarum, four PBGAs were recognized which also
support the inference of Evans et al. [14]. The GRAIL data also played an important role
in clarifying the theory that mascons are caused by an isostatic adjustment, cooling and
contraction of a voluminous melt pool [11,17-19]. Kloko¢nik et al. used gravity aspects (the
gravity disturbance, the Marussi tensor, two gravity invariants, dimensionality ratio, the
strike angles, and the virtual deformations) to study the Copernicus area and amended the
definition of ‘mascon” into: “An object that has dilatation regime of the virtual deformations
in the crater center while the rims are in compressional regime [20]”. However, most of the
above studies were based on the gravitational and topographical data and hardly brought
in remote sensing images to try to prove their inference.

Copernicus is one of the most prominent craters on the Moon. It constitutes a classic
example of a relatively young, well-preserved lunar impact crater. Copernicus is found
in the Oceanus Procellarum, located at 10°N, 20°W, near the southern rim of the Imbrium
Basin (Mare Imbrium) impact structure (Figure 1). Copernicus measures 93 km (58 miles)
in diameter. The abundant geomorphic features are developed in the impact crater, such as
the central peak, the ladder-like crater wall, the catena, and the extensive fusion coating [21].
Copernicus has a young geological age and a well-defined ray system and is classified
as a highland crater. As the geological map shows (Figure 1c), the crater is located on
Montes Carpatus. This is a highly diverse morphological area and is characterized by
peaks and elevated terrains (Nbm in Figure 1c). In addition, it is punctuated by valleys
and low-elevation corridors that are mostly flooded with mare-like materials (Em and Im2
in Figure 1c) [22]. The occurrence of the Copernicus impact resulted in the formation of
an ejecta blanket (The largest Cc part in Figure 1c). What’s more, there are many Imbrian
and Eratosthenian craters in the area (Ic and Ec in Figure 1c). Thus, the impact occurred on
a highly stratigraphically complex and heterogeneous region of the lunar surface, mostly
composed of feldspathic highland materials rather than mare [23].
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Figure 1. Copernicus crater and the surrounding area. (a) Copernicus area on a LROC WAC Global
Morphology Mosaic; (b) Copernicus area on a LROC WAC DTM GLD100; (c) Copernicus area on a
“Unified Geologic Map of the Moon, 1:5M, 2020”.

In the south-eastern area of the Copernicus crater, a buried basin is present, called
C-H [16]. The classification of the basin’s type and the diameter is uncertain [13,16,20,24].
Such cases suggest that the current basin catalogs need further correction. As a start, in this
paper, gravity, images, topography and spectral data are used to survey the morphology
features and discuss the evolution of the C-H basin.

2. Data and Methods
2.1. Datasets

In this study, we make use of a high-resolution gravity field model of the degree and
order 1200 in spherical harmonics, obtained by NASA’s Gravity Recovery and Interior
Laboratory mission (GRGM1200A) [25]. A digital elevation model (DEM), created by Lunar
Orbiter Laser Altimeter (LOLA) and SELenological and Engineering Explorer (SELENE)
Kaguya Team called Moon LRO LOLA-SELENE Kaguya TC DEM Merge(59 m/pixel) [26]
and Chang’e-2 digital orthophoto map (CE2 DOM, 7 m/pixel) show the high-resolution
topography. The Kaguya TC Ortho Mosaic Global image (7.4 m/pixel) helps to analyze
the morphology and chronology of the C-H basin. Olivine and optical maturity (OMAT)
parameter images (59 m/pixel) from Kaguya MI, are also used [27]. Some olivine-bearing
places, such as the Copernicus central peaks, represent an olivine lithology occurring at
depth [28] and high regional olivine contents might show the existence of basalts in the
western mare [29]. The OMAT is the degree to which a particular lunar soil possesses the
quantitative characteristics consistent with that exposure [30]. It shows the time that the
lunar surface was exposed to the space environment to distinguish the type of surface.
In addition, the “Unified Geologic Map of the Moon, 1:5M, 2020” from NASA, is used to
learn the geology background of the research area [31]. The Moon LRO LROC WAC Global
Morphology Mosaic (100 m/pixel) and Moon LROC WAC DTM GLD100 (118 m/pixel)
are also used to display the study area. Both of them are available through Astropedia
(https:/ /astrogeology.usgs.gov /site/annex (accessed on 30 May 2022).

2.2. Gravity

In this study, the field of Bouguer gravity data was truncated to the degree and order
600 and derived from the GRAIL GRGM900C gravity model, after subtracting the gravity
resulting from the topography, that assumed a density of 2500 kg/m? [13,25,32,33]. The
stretched renderer is adopted to display the continuous pixel values across a gradual
ramp of colors and to improve the display. Thus, the mascons can be directly observed
on the Bouguer gravity data. The proposed basins may be recognized by their distinctive
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circular outlines in the Bouguer gravity map view [16]. For the peak-ring basins, such
as the C-H basin, several features are important: (1) the roughly circular rings, which
are sometimes discontinuous. (2) A central positive Bouguer anomaly that is confined
within the peak-ring. (3) A negative Bouguer anomaly annulus that extends from the
edge of the positive anomaly outward to the rim crest. (4) A number of degraded basins,
lacking interior peak-rings, have diameters and gravity patterns similar to those of the
well-preserved peak-ring basins [19].

2.3. Topography

In this paper, the terrain analysis and morphologic analysis are introduced for the
recognition of the C-H basin and to determine their diameters. The terrain analysis is based
on the DEM. On the edge of an impact basin, there is a circle of a raised rim which is usually
the highest part of the basin. What’s more, a peak-ring of mountains first develops within
the crater, at about 140 km in diameter and the diameter of this inner “peak-ring” is roughly
half the crater rim diameter [34]. The rim and ring are the most visible characteristics of
the peak-ring basins on the mosaic images. However, craters on the Moon suffer from
various mass-wasting processes and meteoroid bombardment. As a result, the rim height
should decrease, due to the downslope movement of the rim and the ejecta materials,
over time [35]. Furthermore, most of the basin rim and peak-ring may disappear from the
surface in the event of severe geological processes, such as an impact and volcanism.

As previous research suggests, some mascons surrounded by linear rilles or mare
ridges are impact craters/basins filled with basalts [34]. Therefore, the geological map is
used to check if there are rilles or ridges around the mascon beside Copernicus.

2.4. Geochronology

The date of the C-H basin was measured using the crater size—frequency distribution
(CSFED) [36]. This approach requires an accurate measurement of the crater diameters within
and the well-defined geologic units [5]. The craters were mapped with “CraterTools”, an
ArcGIS plug-in [37]. With three evenly distributed points identified on the crater rims, the
diameters would be accurate. The secondary craters, which were distributed in chains,
were excluded from the dating process [38]. The Copernicus ejecta is from the “Unified
Geologic Map of the Moon, 1:5M, 2020” and used to eliminate the influence of the division
of the geological units. The resurfacing events may occur several times in the area and erase
the relatively small craters. As a result, based on the craters of different sizes, the CSFD
shows the ages that correspond to the different resurfacing events [39]. For example, a
once buried basin has resurfaced, the smallest group stands for the age of latest resurfacing
event; the middle group represents the time of the basalts fill, the largest group denotes the
date of the impact event. The dates of the different events were fitted by a differential fit
using the Craterstats 2.0 tool, with the lunar chronology function (CF) and the production
function (PF) from Neukum (2001) [36].

2.5. Olivine Contents and OMAT

We searched for a large enough fresh crater in the mascon to establish the outcrop
and to study the underground layer. Olivine and OMAT, from spectrum data, suggest the
nature of fill material through the outcrop. This may show the original surface of the C-H
basin. Then, the depth of the C-H basin can be estimated, when combined with the DEM.

Lucey et al. provided algorithms to inverse the OMAT based on the Clementine
UV/VIS images [30].

2
R 2
OMAT = (R750 - XQ)Z + (950 - yo) ] 1)

Ryso

where xj is the reflectance of the origin, y is the ratio value of the origin, Rys is the
reflectance at 750 nm of a pixel or spectrum, and Ros is the reflectance at 950 nm of a pixel
or spectrum. For the Clementine data, the constants are xyp = 0.08 and yp = 1.1.
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In this study, the OMAT were derived from the Kaguya MI data. Thus, the regression
coefficients, described by Lemelin et al. [27], should be applied to the Multiband Imager
data at 750 (Ry50) and 950 (Rgs0) nm, in order to match the reflectance of the Clementine
data at these bands (R750.0r, R950¢0+)-

R750c0sr = (R75() * 1.51) +0.020 ?)
Rgsocorr - (RQSO * 1.38) + 0.020

The method, developed by Lemelin et al. use Hapke’s radiative transfer equations and
the reflectance data from the Kaguya Multiband Imager are used to obtain the abundances
of olivine [27]. This method computes a spectrum library of the mineral mixtures of
plagioclase, orthopyroxene, clinopyroxene, and olivine. Then, we compared this with the
central peak spectra with the library, to arrive at an estimated composition. To assign a
mineralogical composition to a MI pixel spectrum, Lemelin et al. use an evenly weighted
average of the correlation between the library and the unknown spectrum and the sum of
the absolute difference in the reflectance between the library and the given pixel spectrum,
to find the closest spectral match. They compute the FeO abundance, consistent with the
stoichiometric abundance of each mineral mixture, in the spectral library. Once the closest
spectral match in the library is obtained, a gradient descent algorithm is used to refine the
abundance of plagioclase, orthopyroxene, clinopyroxene, and olivine [40].

3. Results
3.1. Bouguer Gravity Anomaly

The Bouguer gravity anomaly is calculated by removing the separately measured
topography. A typical peak-ring basin usually has a large positive Bouguer gravity anomaly
within the peak-ring and a small or negative anomaly between the peak-ring and the inward
edge of the rim [19]. This pattern is helpful to recognize the degraded basins that lack
apparent rings.

There is a Bouguer gravity anomaly which is located to the south-east of Copernicus
and fits the feature pattern. It has a typical positive Bouguer gravity anomaly and a
negative Bouguer anomaly annulus that extends from the edge of the positive anomaly of
the mascons, as shown in Figure 2. The Bouguer gravity anomaly has a center at 7.42°N
17.87°W and 123 km in diameter. In the mascons, the maximum positive Bouguer anomaly
is 373.04 mGal, the minimum value is 263.85 mGal, and the mean value is 338.72 mGal.
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Figure 2. Bouguer gravity of the Copernicus area.
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3.2. Morphology and Topography

Some previous studies gave out a diverse scale of the C-H basin. Neumann et al.
measured the mascon as a buried peak-ring basin which is located at 7.2°N 18.2°W, with
a rim diameter = 260 km and a peak-ring diameter = 130 km [16] (blue circle in Figure 3).
The results of Liu et al. confirm the basin type and the location of the central part of the
basin, but they provide different values for the rim-to-rim diameter (483 km) and for the
ring diameter (221 km) [24] (pink circle in Figure 3). Evans et al. measured the mascon as
a single ring basin, located at 7.28°N 18.26°W and 175 km in diameter (orange circles in
Figure 3) [13]. The study of Kloko¢nik et al. did not focus on the features except the gravity
and magnetism. They only pointed out that the diameter of the C-H basin had ahigh
gravity anomaly that is about 150-160 km and they did not indicate the center position of
the C-H basin [20].

25°W 200w 15°W 10°W

Neumann2 : :
LiuJianzhong . 0 100 200 k

Evans
Figure 3. Previous studies of the C-H basin, as shown on the LROC WAC Global Morphology
Mosaic. Blue circles from Neumann et al. [16]; pink circles from Evans et al. [13]; orange circle from
Liu et al. [24].

Most of the basin rim and the peak-ring disappeared from the lunar surface. However,
at the north-eastern part of Neumann’s basin rim, two rims are still visible, as can be
observed in Figure 4. Both surviving rims are about —1140 m high.
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Figure 4. Surviving rim on the basin rim, as given by Neumann. The elevations are from the
LOLA-SELENE Kaguya TC DEM.
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Solomon and Head [41] discovered that all of the mascon basins display an associated
tectonic feature: the linear rilles or mare ridges tend to be concentric to the mascon. The
C-H basin might match this feature. There are rilles to the south-west and ridges to the
south-east, as exhibited by the red arrows in Figure 5.
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Figure 5. Geology map of the Copernicus area showing the linear rilles and mare ridges.

3.3. Age

We pick the intersection of the Copernicus ejecta and the Bouguer gravity anomaly,
which is 123 km in diameter and inside all of the three previous basins, as the dating area,
to avoid different previous opinions about the scale of the C-H basin and the different
geological units, as well as the abundant secondary craters” influence on the dating result
(Figure 6a). The 8848 small craters located in the C-H basin were signed with a diameter
range from 100 m to 4500 m. Two-hundred and two of them are distributed in chains and
were recognized as secondary craters (Figure 6a yellow circle) and they were rejected, in
order to eliminate any errors. The small sized craters suggest the age of the surface ejecta
and the large sized craters show age of the unit below the ejecta [42]. In our experiment,
the craters between 170-1400 m gave 790 Ma, which represent the age of Copernicus
(Figure 6b). Those between 3000-4500 m, separately proved an Imbrian age of 3.9 Ga
(Figure 6b). In order to check the accuracy of the dating result, we also investigated the
craters on the Copernicus ejecta (Figure 7a). A similar age of 800 Ma supports the age of
Copernicus. Both Copernicus ejecta dating results approach to the 800 Ma isotope dating
result [43-45], suggesting an accurate experiment result. The unit below the ejecta is 3.8 Ga
(Figure 7b), and belongs to the Imbrian period. The Imbrian ages of Copernicus show that
the C-H basin was refreshed by Imbrian lava. To allow for the Imbrian upper Mare unit
(Im2), located to the south-east of Copernicus, in Figure 5, the units below the ejecta might
be Im2.
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Figure 7. Copernicus ejecta CSFD dating. (a) Primary craters (red) and secondary craters (yellow) in
the intersection of the Copernicus ejecta; (b) Differential crater frequency and geologic time of the
Copernicus ejecta.

3.4. Mineral

The Copernicus Crater H (Figure 8), provided a partial clue, that gave us access to learn
more about the C-H basin. The fresh crater, located on the ejecta blanket of the Copernicus
crater (6.89°N 18.29°W) and 4.4 km in diameter. Copernicus H is a classic dark-haloed
crater which is surrounded by dark deposits extending almost two crater diameters from
the rim crest [46]. The depth is 890 m, as measured on the LOLA-SELENE Kaguya TC
DEM. The profile indicates that Copernicus H is a flat-bottomed crater (Figure 9). Because
the mass wasting and the downslope movement have disrupted the regolith maturation
process, the fresh basalts, relatively free of the weathering effects, are often exposed on the
steep inner walls of Copernicus H [46]. The mineral maps from the Kaguya MI images are
used to study this. The OMAT map in Figure 10a demonstrates that the crater rim wall has a
high OMAT value, indicating that the crater wall is weakly weathered. Hence, Copernicus
H is believed to accurately show the material composition of the lower stratum. The
geology map and the CSFD dating help to identify the unit on the rim wall of Copernicus
H as Im. This conforms to the high olivine content on the crater rim wall in Figure 10b.
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Bell et al. also believed that Copernicus H has excavated mare basalt from beneath the
ejecta material [46].
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Figure 9. Elevation Profile of Copernicus H from the LOLA-SELENE Kaguya TC DEM.
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Figure 10. Mineral maps of the OMAT and olivine of Copernicus H. (a) OMAT in Copernicus H;
(b) Olivine values on Copernicus H.
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Some regions of the Moon exhibit dark mantling deposits that were formed by fire-
fountain style eruptions, similar to some Hawaiian eruptions [47-51]. These regions are
called dark mantle deposits (DMDs) which are diffuse deposits with a very low albedo [51].
DMDs are the remnants of pyroclastic eruptions. Unlike the effusively emplaced mare
basalts, the pyroclastic eruptions were more energetic because the erupted material con-
tained more volatiles and formed volcanic glass beads. In some cases, pyroclastics are
found in small, localized areas, surrounding a vent. The largest of the DMDs are near the
edges of the lunar mare [51]. They cover many thousands of square kilometers and include
a range of knobs and other highland features [51]. Thus, because lava only flows downhill,
these units cannot be lava flows. Instead, they seem to mark areas where a thin layer has
been draped over an older surface. They may have resembled Hawaiian fire fountains, but
on a much larger scale. There are also many smaller dark mantling units on the Moon. Most
of these features are only a few kilometers in diameter. They are almost always located
near the mare or in the large crater floors. Many also lie along clear fault lines [51]. Since
most have a small central pit or crater, they are likely sites for small volcanic explosions.
Some of these small eruptions may have released gases from shallow lunar intrusions.

The DMD area Sinus Aestuum-I [48] is located on the south-east part of the mascon
(Figure 11). It is 90 km across and situated on small highland hills. The OMAT map
on Figure 11 shows that the Sinus Aestuum-I DMD has a lower OMAT value than the
surrounding mare and has been heavily disrupted by the ejecta and the secondary impacts.
This evidence suggests that the Sinus Aestuum-I DMD formed earlier than the surrounding
mare, as well as the Copernicus crater.
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Figure 11. Position and the OMAT map of Sinus Aestuum-I DMD.

4. Discussion
4.1. Confirmation and Characteristics of the C-H Basin

Because Neumann et al., Liu et al. and Evans et al. have contrasting conclusions about
the scale and the type of the C-H basin, confirming the accurate scale and type becomes an
important work. The mascon fits all of the features of a peak-ring basin (in Section 2.2). It
should be classified as a peak-ring crater. Liu et al. (pink circles in Figure 12) gave a much
larger scale than Neumann et al. (blue circles in Figure 12). However, the rim, given by Liu
et al., overlays the rims of the Imbrium basin, as given by Neumann et al. (white circles in
Figure 12). The topographic feature suggests that the highland, north of Copernicus, should
belong to the rim of the Imbrium basin. In addition, the morphology and topography
results in this paper show a surviving rim which fits the rim given by Neumann. From our
results, the C-H basin has a rim diameter of 260 km and a peak-ring diameter of 130 km.
The center of the basin is 7.2°N 18.2°W.
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Figure 12. Previous study results and the Imbrium basin, shown on the LROC WAC DTM GLD100.
Blue circles from Neumann et al. [16]; pink circles from Evans et al. [13]; orange circle from
Liu et al. [24]. White circles from Neumann et al. are rims of the Imbrium basin [16].

4.2. Age of the Sinus Aestuum-1 DMD

The existence of the Sinus Aestuum-I DMD suggests that there are a variety of volca-
noes in the C-H basin area. Clarifying the ages and sequences of these volcanic activities
are meaningful to reconstruct the history of the region and to understand the evolution of
the lunar geological activities. Although, the Sinus Aestuum-I DMD has fewer superposed
craters than the nearby Im2 units, analyses of the Apollo 17 samples from Taurus-Littrow
indicated that the DMDs could not be unequivocally associated with youth on the lunar
landscape. Due to the abnormally rapid degradation of the small craters in the uncon-
solidated pyroclastic material, the exact ages of the DMDs are not at all clear without
samples [49,51]. Therefore, we can only judge the sequence of the DMD, Im2 and Coperni-
cus ejecta according to their intersection relations and spectral characteristics. As result of
the minerals, the Sinus Aestuum-I DMD has a lower OMAT value than Im2 and Copernicus
(Figure 11). Considering the slope of the Sinus Aestuum-I DMD is not obviously lower
than Im2 and the Copernicus ejecta (Figure 13d), such a difference is mainly caused by the
different formation ages. On the LROC WAC Global Morphology Mosaic and the OMAT
map, the radial texture from Copernicus can be seen in the falls on the Sinus Aestuum-I
DMD (Figure 13a). This phenomenon, combined with the result of the minerals, show that
the Copernicus ejecta is younger than the Sinus Aestuum-I DMD.

Weitz et al. showed that the Sinus Aestuum-I DMD shares a centralized vent with the
Sinus Aestuum-II DMD (Figure 14). The central vent would be at 4°N 12°W [48]. However,
the DMD at this location and other lowlands became buried by Im. Such a case and the
OMAT map together, indicate that the Hawaiian-style eruption which formed the Sinus
Aestuum-I DMD and the Sinus Aestuum-II DMD is earlier than Im.

249



Remote Sens. 2022, 14, 5284

19°W 18°W 17°W 16°W 15°W 14°W

I‘J‘I’W ]B:’W 17:W I(i:’W ISTW 14‘:“’
-

7°N
7°N

z z
% &
{ Legend
z - channel (volcanic)
n o L e i - graben trace
--------- lineament
“ ﬁ Ce
- Id
lia
5 B Im2
Il
0 20 40km
2 I
| I
(a) (b)

197w 189W 172W 16°W 155W 145w 19°W 17°W 165W 155W 142%

Legend

Elevation (m)
.lligh 1 =344

Slope (degree)

.Low 1 2064

20 40 km
[ I

20 40 km
N

Figure 13. Sinus Aestuum-I DMD. (a) Sinus Aestuum-I DMD on the Kaguya TCortho Mosaic, the
red arrow points to the radial texture from Copernicus; (b) Geological map of the Sinus Aestuum-I
DMD; (c) Elevation of the Sinus Aestuum-I DMD; (d) Slope of the Sinus Aestuum-I DMD.
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Figure 14. Aestuum I DMD and the Sinus Aestuum-II DMD. (a) Aestuum I DMD and the Sinus
Aestuum-II DMD on the LROC WAC Global Morphology Mosaic; (b) Geology of the Aestuum I
DMD and the Sinus Aestuum-II DMD.
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4.3. Olivine Rich Strata in Copernicus H

An early study by Bell et al.,, suggested that the Copernicus H crater exposes the
excavation of mare basalt from beneath the Copernicus ejecta deposits, based on the basalt
excavation theory of the dark-haloed crater [46]. According to the theory, the rich olivine in
the Copernicus H wall comes from Im. Following years of research, a variety of olivine
origin theories have been presented and indicated that the olivine-bearing lithologies of
Copernicus are diverse and did not all form in the same way [22,28]. Therefore, it is
necessary to study the differences between the rich olivine area in Copernicus H and the
other regions, and to clarify the type of olivine in the Copernicus H wall. There is an
olivine-bearing crystallizing melt pond in the northern wall of Copernicus (Figure 15). The
crystallizing melt pond breached and flowed down the crater wall because of the geological
process of the impact melt [28]. However, the prominent line nature of the melt pond in
the northern wall of Copernicus does not exit from the wall of Copernicus H (Figures 9
and 10).
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Figure 15. Olivine-bearing exposure in the northern wall of Copernicus. (a) Olivine-bearing exposure
shown on the CE2 DOM G122; (b) Olivine map of the exposure.

What’s more, the Sinus Aestuum-I DMD is another olivine-bearing occurrence near
the C-H basin. We found two craters in the Sinus Aestuum-I DMD from which we can learn
more about the olivine rich strata. As Figure 16 shows, compared with the Sinus Aestuum-I
DMD, olivine inside both craters is poorer. Considering that the depths of these two craters
are 190 m (Figure 16b,c) and 350 m (Figure 16d,e), respectively, and much shallower than
Copernicus H (Figure 9). Thus, olivine in Copernicus H is also different from the olivine in
the Sinus Aestuum-I DMD. Above all, the opinion of Bell et al. that Copernicus H exposes
Im2 under the Copernicus ejecta is still reliable [46].
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Figure 16. Two craters in the Sinus Aestuum-I DMD. (a) Position of the craters on the Sinus Aestuum-

I DMD shown on the Kaguya TCortho Mosaic; (b) Crater A shown on the CE2 DOM G222; (c) Olivine
map of Crater A; (d) Crater B shown on the CE2 DOM G222 and G223; (e) Olivine map of Crater B.
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4.4. Evolution of the C-H Basines

The olivine value in the flat bottom of Copernicus H is similar to the ejecta from it.
Figure 10a,b suggests that the flat bottom has a similar composition to the crater wall and
has not exposed the original surface of the C-H basin. Thus, the depth of the C-H basin
surface should be deeper than that of Copernicus H (890 m, Figure 9). Meanwhile, In
Figure 10a, the rich olivine rim wall of Copernicus suggests that it is basalt which is located
above the original surface of the C-H basin. Thus, 3.8 Ga should correspond to the Imbrian
basalt and the age of the C-H basin should older than 3.9 Ga. This age range covers the
result of Liu et al. [24]. Considering the Stadius crater (Figure 17), which is located 186 km
east of Copernicus, was obviously buried by Im2, the assumption that the C-H basin was
buried by the Imbrian basalt, and the rim of the C-H basin is eroded by the ejecta from the
Copernicus impact event and the weathering processes, is reasonable. Evans et al. divided
the QCMAs with diameters greater than 80 km into high/low-relative-Bouguer-anomaly
groups, interpreted as craters formed prior to and after the onset of the local mare [13].
However, they did not specify this characteristic of the C-H basin in their study. According
to our assumption, the C-H basin formed prior to Im2 and should be divided into the
high-relative-Bouguer-anomaly groups.
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Figure 17. Stadius crater on the geological map and the Kaguya TCortho Mosaic.

The ages of the Sinus Aestuum-I DMD (the Id part in Figure 17) cannot be obtained
from the CSFD because their unconsolidated nature is thought to have artificially reduced
the number of small craters observed on their surfaces [49,51]. Considering that the Sinus
Aestuum-1 DMD has a lower OMAT value than the mare, the corresponding Hawaiian-style
eruption event should be earlier than the formation of the last Imbrian lava event.

Based on the age of Copernicus, the evolution of the C-H basin can be expressed
as: an impact event occurred more than 3.7 Ga. From 3.7 Ga to 3.4 Ga, the mantle plugs
upwelling into giant impact basins, followed by the volcanic filling in Copernicus and the
nearby area, thus forming the positive Bouguer gravity anomaly buried basin and the Im2
units. During that time, a Hawaiian-style eruption formed the whole Sinus Aestuum DMD.
Some DMDs on high places, such as Aestuum-I and II survived from the last Imbrian lava
event. Then ejecta from the Copernicus impact event in about 820 Ma, and the weathering
processes cause the rim of the C-H basin to almost disappear from the lunar surface. Finally,
Copernicus H is exposed to the original surface.
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5. Conclusions

We use multi-source remote sensing data including: images, topography, spectrum to
analyze the positive Bouguer gravity anomaly to the south-east of Copernicus. Our results
show that the mascon (QCMA) is a buried basin. The details of the C-H basin lead to the
following conclusions:

1.  The C-H basin’s basic parameters are updated and located in 7.2°N 18.2°W, with a
rim 260 km in diameter and a peak-ring 130 km in diameter. It should be classified as
peak-ring basin and divided into the high-relative-Bouguer-anomaly groups.

2. The DEM and the spectral data on Copernicus H suggest that the thickness of Im2 in
the C-H basin is 890 m. What’s more, the surface of the C-H basin is buried deeper
than 890 m.

3. The C-Hbasin impact event occurred earlier than 3.9 Ga, maybe during the Aitkennian
Epoch [24]. Then, a Hawaiian-style eruption formed the Sinus Aestuum-I DMD. Soon,
Im? filled it in, from 3.8 Ga. In addition to the intrusive basalts, the ejecta from the
Copernicus impact event in about 800 Ma and the weathering processes also cause
the disappearance of the C-H basin’s rim from the lunar surface. The Bouguer gravity
anomaly was formed by the mantle upwelling [20]. However, the lunar dynamo
likely ceased sometime between 1.92 Ga—0.80 Ga [52], earlier than the formation of
Copernicus. There was not enough heat for the mantle upwelling and formation.
Therefore, the Copernicus crater does not have a “mascon” characteristic.
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Abstract: Digital elevation models (DEMs) provide fundamental data for scientific and engineering
applications in lunar exploration missions. Lunar DEMs have been mainly generated by laser
altimetry and stereophotogrammetry. Complementarity to stereo photogrammetry, reflection-based
surface reconstruction methods, such as shape from shading (SFS), have been studied and applied in
lunar DEM reconstruction from a single image. However, this method often suffers from solution
ambiguity and instability. In this paper, we propose a generative adversarial network (GAN)-based
method that is able to generate high-resolution pixel-scale DEMs from a single image aided by a
low-resolution DEM. We have evaluated the accuracy of the reconstructed high-resolution DEMs
from 25 LROC NAC images of four regions using LROC NAC DEMs (2 m/pixel) as ground truth.
The experimental results demonstrate good accuracy and adaptability to changes in illumination
conditions. The root mean square error (RMSE) can reach about 2 m in areas where the degree
of elevation variation is less than 100 m, and the RMSE value ranges from around 3 m to 10 m
without considering the degree of the elevation variation in large-area reconstruction. As high-
resolution monocular images and low-resolution DEMs are available for the entire lunar surface, the
proposed GAN-based method has great potential in high-resolution lunar DEM reconstruction for
lunar mapping applications.

Keywords: lunar exploration; digital elevation model; high-resolution imagery; generative adversarial

network

1. Introduction

Digital elevation models (DEM) of the Moon provide the fundamental data in lunar
topographic, morphological, and geological studies. They are also essential in engineering
applications in lunar exploration missions, e.g., in landing site evaluation, safe landing,
rover navigation, etc. [1-6]. Lunar global DEMs have been produced using laser altimetry
or optical images. Representative examples include the lunar orbiter laser altimeter (LOLA)
LDEM1024 with a resolution of 1024 pixels per degree (ppd) (~30 m at the equator) [7], 1024
ppd DEM derived from 10 m-resolution SELENE terrain camera (TC) stereo images [8],
and 20 m grid spacing DEM derived from 7 m-resolution Chang’e-2 stereo images [9].
SLDEM2015, which was produced by coregistration and a combination of SELENE TC
DEM and LOLA data, is also widely used. It covers latitudes within +60° at a horizontal
resolution of 512 ppd (~60 m at the equator) [10].

Lunar local DEMs with higher resolution (e.g., meter-level resolution) have also
been produced, mostly by stereo photogrammetry, which requires target area covering
by stereo images. As a rule of thumb, the resolution (grid spacing) of a DEM generated
by stereophotogrammetry is about three times that of the stereo imagery [11]. Currently,
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the highest-resolution lunar orbital images (up to 0.5 m/pixel) are acquired by lunar
reconnaissance orbiter camera (LROC) narrow-angle camera (NAC), and the local DEMs
generated from LROC NAC stereo images are usually of 2-5 m resolution [12], which are
the highest-resolution DEMs derived from orbital images. The LROC was not designed
with built-in stereo observation capability, and NAC stereo images can only be acquired
from neighboring orbits using off-nadir slew. As a result, NAC stereo observations are
very limited, though NAC monocular images have covered almost the entire lunar surface.
Therefore, it is highly desirable and will be widely applicable to reconstruct pixel-scale
DEMs from monocular high-resolution orbital images, particularly LROC NAC images.

In fact, complementary to stereo photogrammetry, shape from shading (SFS) (also
called photoclinometry) techniques have been studied and applied in the planetary map-
ping field [11,13-15], which reconstruct a DEM from a single image or multiple nonstereo
images. SFS techniques have also been widely researched in the field of computer vision
and artificial intelligence [16,17]. In general, the multiple-image SFS method is limited by
a lack of multiple images with different illumination conditions covering the same area.
According to [18], single-image SFS is underconstrained and faces serious issues. First, the
assumption of a uniform or known albedo is needed, but determining the albedo from
a single image is underconstrained. Second, as shading actually reflects the depth of a
point relative to its neighbors, it is difficult to get clues to restore shapes from coarse-scale
depth variations that produce small changes throughout the entire image. A number of
approaches have been developed to overcome the underconstrained issues, including
learning albedos from training data [18], separation of albedos, and shape optimization
with the aid of coarse DEMs, etc. [15,19].

With the development of deep learning, a neural network can learn the “hidden” map-
ping relationship between two types of data and realize the “end-to-end” transformation
of data under the condition of sufficient training samples. Deep neural network has been
applied to DEM reconstruction using a single image and has shown some advantages
in establishing reliable mapping and eliminating noise and image uncertainty. In order
to improve the performance of DEM reconstruction, strategies of deepening the depth
of the network and increasing the amount of training samples can be used [20]. There
is no atmospheric influence on the lunar surface, and the change of image intensities is
mainly caused by the topography, supposing that the albedo does not change severely in
a local area. Low-resolution DEMs are available for the entire lunar surface and can be
used as a constraint to enable the network to obtain low-frequency terrain information,
while high-frequency terrain information can be obtained from high-resolution image. This
makes it possible to use a network to generate a high-resolution DEM with higher accuracy
from high-resolution monocular imagery and existing low-resolution DEM.

In this paper, a high-resolution lunar DEM reconstruction method is proposed based
on generative adversarial network (GAN), which generates pixel-scale lunar DEM from
monocular LROC NAC imagery aided by existing low-resolution DEM, e.g., SLDEM. For
convenience, we call the lunar DEM reconstruction network LDEMGAN. It adopts the
U-Net structure as the generator network, uses the convolution layer instead of the pooling
layer for feature extraction, takes the discrimination result of the discriminator network
instead of the image similarity as the loss, adds the gradient loss item, and uses a variety of
training data to train the network. In this study, four regions are selected for reconstruction
testing using 25 LROC NAC image (2 m/pixel) and SLDEM (~60 m/pixel). The reconstruc-
tion results are verified with DEMs (2 m/pixel) produced by LROC NAC images, and the
effects of different lunar surface conditions and data quality on the reconstruction results
are analyzed. The effects of adding low-resolution DEM and influence of illumination
conditions of the images are also discussed.

Section 2 of this paper reviews the relevant research. Section 3 presents the proposed
method in detail. Section 4 gives the experimental results and discussions. Conclusions are
given in Section 5.
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2. Related Work

With rapid development of deep learning technology, monocular depth estimation
approaches based on deep neural networks have been studied and applied in various fields
of computer vision, such as robotics, path planning, autonomous navigation, etc. Due to
difficulties of absolute depth recovery, as well as the demand of comparable accuracy to
that of traditional triangulation methods, monocular depth estimation is still an active
and challenging topic. Currently, the commonly used deep neural network models for
monocular depth recovery are the convolutional neural network (CNN), recurrent neural
network (RNN), and generative adversarial network (GAN) [21]. As RNN is usually
employed in the field of video sequence processing, this section only focuses on reviewing
and discussing monocular depth restoration that uses CNN and GAN models.

CNN models have been well developed and applied in monocular depth estimation.
Eigen et al. [22] adopted a two-scale convolutional network to first estimate the depth of
the scene on a global scale and then add details on a local scale. The work also raised and
explained the basic problem of solving monocular depth estimation in terms of supervised
learning [22]. On this basis, Eigen et al. subsequently proposed an improved frame-
work constructed by three-scale network structure for monocular depth estimation [23].
Thereafter, Laina et al. [24] proposed a fully convolutional network structure to capture
monocular features at multiple scales with fewer parameters, and solved the problem
of high training costs for fully connected layers. An up-convolution decoding module
was designed to improve the processing speed of the network [24]. Ma et al. proposed a
CNN-residual network, and the comparison to the network with the hybrid convolutional
fully connected network and to the fully convolutional network demonstrated the effec-
tiveness and optimality of the proposed network [25]. Fu et al. added a spacing-increasing
discretization strategy that splits the depth according to different intervals and recast the
network learning as an ordinal regression problem to reduce the training loss weight in
regions with large depth values [26]. Facil et al. used the U-Net to encode images and
then add sensor parameters for decoding, which enhances the generalization ability of the
network [27]. In order to shorten the computing time of the network, Wolk et al. proposed
a lightweight U-Net to improve the operation speed, which can realize real-time depth
estimation [28].

The GAN model was proposed by Goodfellow in 2014 and has been proved appli-
cable for monocular depth estimation tasks [29]. Jung et al. used GAN for the first time
to implement monocular depth estimation by supervised learning [30]. The generative
network consists of a global-scale U-Net [31] and a fully convolutional fine-scale network.
The discriminative network is designed according to Li’s work [32]. Instead of using a
multiscale generator, Lore et al. used two GANSs for depth estimation at both global and
local scales [33].

In the field of planetary remote sensing, since the orbital images of the Moon's surface,
especially high-resolution stereo images, are very scarce compared to those of the Earth,
DEM generation by monocular high-resolution images is needed more than traditional
photogrammetry methods. Therefore, in recent years, several studies have used depth
estimation networks to reconstruct relative heights from planetary orbital images and to
restore relative heights to absolute heights using control points or existing coarse DEM.
Several works have discussed combining monocular relative height estimation and scale in-
formation recovery for planetary surface reconstruction. Chen et al. proposed a CNN-based
digital terrain model (DTM) reconstruction method for Mars using Mars Reconnaissance
Orbiter Context Camera (CTX) images [20]. Tao et al. proposed a GAN-based network
called MADNet for fast reconstruction of DTM from a single image of Mars [34]. Subse-
quently, MADNet 2.0 was developed, which used the optimized single-scale inference
and multiscale reconstruction to improve the resolution of reconstructed DTM [35]. These
methods all used a two-step strategy to reconstruct the terrain, i.e., firstly, an image is input
into the deep network to restore relative depth, and then absolute height is recovered by
stretching the relative depth using a scale value calculated by existing low-resolution data.
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In these previous works, low-resolution data are only used for scale recovery such that
the reconstruction result is affected greatly by scale value. To make full use of the coarse
DEM, Hao et al. proposed using the low-resolution DEM and the image as the input of
the CNN, and the CNN prediction results and the image obtain a high-resolution DEM
by SFS [36]. However, the reconstruction results generated by SFS are affected by lighting
conditions. Intending to make full use of low-resolution DEM in terrain reconstruction,
improve adaptability to light conditions and combine the advantages of GAN, this paper
proposes a GAN-based reconstruction network for lunar DEM generation—LDEMGAN.
The main features of this work are:

(1) The proposed approach takes both monocular image and a coarse DEM as input of
the GAN.

(2) The coarse DEM is fully used to provide control information in the proposed LDEM-
GAN so as to improve the stability and accuracy of high-resolution DEM reconstruction.

(3) In order to generate DEM at the same high resolution as the input image, the re-
construction process can be executed iteratively until the needed DEM resolution
is obtained.

3. Method
3.1. Overview of the Proposed Approach

In this study, LROC NAC imagery is used to reconstruct a pixel-scale DEM through
LDEMGAN with the help of control information provided by SLDEM. Figure 1 shows the
overall process of the proposed approach, which consists of training and reconstruction
phases. In the beginning, the registered LROC NAC imagery and SLDEM data are prepro-
cessed. (1) The centers of the craters with diameters of about 200 m are selected as control
points, and the LROC NAC images and SLDEM are registered by affine transformation.
The registration accuracy needed to reach the subpixel level of SLDEM (the registration
error needs to be less than the grid spacing of SLDEM). (2) The NAC image performs
downsampling if needed and the SLDEM is upsampled to the same pixel size. (3) They are
both clipped to the size of 256 x 256 due to the requirement of the network with an overlap
of 100 pixels between adjacent image blocks. (4) The clipped data are normalized to [0, 1].
(5) The clipped image and SLDEM data are set as channel 1 and channel 2, respectively, to
synthesize the input data of LDEMGAN. Note that in the training phase, the corresponding
NAC DEM is also preprocessed in the same way so as to take the role as ground truth.

In the training phase, the preprocessed high-resolution image and low-resolution
DEM of the same area with the same grid are taken as input of LDEMGAN, which out-
puts depth reconstruction results. The ground truth is preprocessed DEM with identi-
cal resolution of the input imagery, and supervised training is carried out to obtain the
reconstruction network.

In the reconstruction phase, the preprocessed high-resolution image and low-resolution
DEM covering the same area are input into LDEMGAN to generate DEM that has identical
resolution to the input image. However, in practice, the resolutions of the input image and
the DEM that provide control information differ too much, such as NAC and SLDEM in our
case. Therefore, a high-resolution DEM generation process can be carried out iteratively,
which is shown in Figure 1. In our case, first the low-resolution SLDEM is upsampled
to 10 m grid spacing and an input high-resolution NAC image is downsampled to the
same pixel size of the upsampled SLDEM. Next, they are simultaneously input into the
network to generate DEM with identical resolution to the downsampled input image which
is 10 m/pixel. As the resolution of the generated DEM is lower than the NAC image, the
previous steps should be implemented again. This time, the generated DEM from the
previous step is upsampled to the same pixel size of the NAC image. Then, they are both
input into the reconstruction network to obtain a DEM with the same resolution as the
NAC image. Afterwards, scale restoration will be carried out to convert the generated
DEM from relative height into absolute height.
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Figure 1. Overall process of the proposed method.

It is worth mentioning that there are often geometric inconsistencies between data
captured from different sensors; therefore, geometric registration of the NAC image and
SLDEM is required beforehand in this study. In fact, the accuracy of geometric registration
can directly affect the final reconstruction result.

3.2. Network Architecture

Figure 2 shows the LDEMGAN network architecture used for high-resolution DEM
generation. According to the principle of the GAN network, it can be divided into a
generator network G and a discriminator network D. The generator network adopts a
U-Net architecture, adding skip connections between the encoding part and the decoding
part. The CNN structured encoder consists of 7 BCDL modules, which encode a 256 x 256
image into a feature vector with a size of [2, 2, 1024]. The BCDL module consists of a batch
normalization layer, a convolution layer (1 x 1 kernel, and with increasing number of
feature maps of 64, 128, 256, 512, 1024, 1024, 1024, stride 1), a downsampling convolution
layer (4 x 4 kernel, stride 2, padding 1), and a LeakyReLU activation function. LeakyReLU
is able to solve the zero gradient problem for negative values, as shown in Equation (1):

0
LeakyReLU(x) = {gz X i . )
2x x <

where x is the input tensor. The decoder employs a BUR model and adds skip connections,

enabling direct transfer of low-frequency information. The BUR module consists of a batch
normalization layer, an upsampling convolution layer (4 x 4 kernel, and with decreasing
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number of feature maps of 1024, 1024, 512, 256, 128, 64, 1, stride 2, padding 1), and an
activation function. The activation function used for the BUR-1-BUR-6 is ReLU:

ReLU(x) = {g i zg @)

Generator Network

BCDL

~ Bakh
normalization

Convolution

Activation function

Discriminator Network

Baich
normalization

E : £ Convolution

LeakyReLU

Figure 2. Schematic diagram of the LDEMGAN structure.

The TanhL activation function is used in the BUR-7, so that the range of the output
result can be constrained within [0, 1], as shown below:

1/ef—e™"
The optimization objective function of training the generator network parameters is
as follows:
. 1 ¥
fc = argmin— LG( N red Hﬁ'uth) 4)
el N n=1 :

Among them, N is the total number of images, Lg(+) is the loss function of the generator
network G (see Section 3.3), 6 is the parameter of the generator network. Hy . is the

nth ground truth DEM data of the corresponding input image, and HZr .4 18 the nth
reconstruction results derived by the generator network. H;‘r .4 18 calculated as:

H;red = G9G (I"' H?ourse) ®)
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where G, is the generator network with network layer parameters 6g, I, is the nth input
high-resolution image, and H, ... is the corresponding low-resolution DEM that provides
control information in the same area.

According to the structure of the GAN network, the output of the discriminator
network D is a probability value that denotes whether its input sample is real or fake. The
discriminator network used in this paper adopts the principle of PatchGAN to capture the
high-frequency information. PatchGAN divides the output of the last layer into M blocks,
and discriminates each block individually:

1 M
Py = M Z D((Imegzmrse)/Hm) (6)
m=1

where H™ is the H;r .4 Calculated by the generator network or the ground truth surface data
HTI

truth- Therefore, the optimization objective for the adversarial network parameters is:

A 1
0p = argmin Lp (I”IH;lred/ tnruth> @
=1

n

where Lp(+) is the loss function of the discriminator network D (see Section 3.3).

3.3. Loss Function

The loss function of the LDEMGAN consists of generator network loss and discrimi-
nator network loss. The losses of the generator network include the loss representing the
difference between the prediction and the ground truth, the loss of local structure, and the
loss of the discriminator. Usually, the L, loss function is used for the generator network,
which reflects the cumulative squared difference between the value predicted by the model
and the ground truth value. However, it can bring over smooth predictions. Hence, the
Huber loss is used, as shown in Equation (8):

2
(Hpred - Htruth) /2 ’Hpred — Hyyn| <6

6| Hpreq — Hm,th’ -1 otherwise

®)

LHuper (Hpredr Htruth) =

where ¢ is one fifth of the maximum of the difference of prediction and the ground truth.
When the difference is less than J, the Huber loss is consistent with L,. Otherwise, the
Huber loss equals L.

In order to maintain the relationship between each pixel and its adjacent pixels, a local
structure loss is added, as shown below:

1

M N
Lgrud = MN Z Z[(vx(Hpred/ I_Itruth)2 + vy <Hpred/ Htruth)z:| )

i=1j=1

where M is the number of image rows and N is the number of image columns. By con-
sidering \/x and 1/, the x directional and y directional gradient differences between
the predicted value and the ground truth calculated in local windows, respectively, the
consistencies of the predicted value and the ground truth can be preserved on a local scale.

The loss of discriminator refers to the discrimination of the generated prediction
data by the discriminator network in LDEMGAN, indicating the similarity between the
generated prediction data and the ground truth, as shown below:

Loan = 10g(1 - D((I/ Hcoarse)/G(I/ Hccmrse))) (10)

where [ is the input image and Heurse is the input DEM (low-resolution DEM).
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Therefore, the overall loss of the generator network can be represented by:

L = aLyuper + PLgrad + YLGAN (11)

where «, B, 7y are the coefficients to balance the losses.
The loss function of the discriminator network is shown as:

Lp = %[log(D((L Hcoarse)/ G(I, Hcourse))) + log(l - D((I' HCU’”SE)’ Hmlfh))] (12)

3.4. Scale Recovery

As normalization of the input data is needed before entering the generator network
for better convergence, the values of the network output are within [0, 1]. Thus, postpro-
cessing is required to recover the reconstruction results to the correct scale as elevation
information. This study uses the normalized low-resolution DEM as a constraint, as shown
in Equation (10). In addition, in the scale recovery process, statistics of this low-resolution
DEM are used to restore the absolute elevation. First, mean and standard deviation of the
low-resolution DEM are calculated. Then the reconstruction results are stretched to obtain
the absolute heights, as shown in Equation (13). By adding geographic information to the
restored absolute heights, scale recovery is finally completed.

DEM,ps = 1 + 5d-DEM g (13)

In the above equation, DEM,; is the absolute elevation value, m is the mean value of
the low-resolution DEM, and sd is the standard deviation of the low-resolution DEM.

3.5. Network Training

As mentioned in Section 3.1, practically the DEM restoration is carried out iteratively.
In our case, two reconstruction networks are employed and the structures of them are
identical. In fact, the restoration processes are similar in each iteration, so theoretically one
set of trained network parameters should work for both networks. However, in order to
obtain high-precision results, there is no doubt that the two networks should be trained
separately with training data the same as the actual situation.

Meanwhile, in order to enhance the universality of the network, the number of training
samples should be sufficient so that the network can avoid fuzzy solution caused by the
changes of illumination conditions or various landform characteristics. For adapting illu-
mination changes, the training data can be expanded from two aspects. First, the existing
training data can be rotated and flipped to simulate different sun azimuths. Second, images
captured at different sun altitude angles of the same area that pair with the same corre-
sponding coarse DEM should be added to enhance the network’s adaptation to shadow
properties. For adapting to changes of landform characteristics in various topographic
regions (e.g., lunar mare or highlands), the network performance can always be improved
if the training data are adequate. Generally, if the feature characteristics of the area to
be processed are hugely different from the areas that used for training the networks, the
recommended practice is to employ transfer training by using a small amount of data from
the destination area.

4. Experimental Results
4.1. Reconstruction Network Training

As described in the above sections, two networks with identical structure and trained
by different data are used to implement DEM reconstruction in a resolution-progressive
manner. The first network aims at generating DEM at a resolution of 10 m/pixel, which
is denoted as LDEMGAN-10 m. To train this network, the input data are downsampled
LROC NAC images of 10 m/pixel and normalized SLDEM of 60 m/pixel (upsampled to
the same grid spacing). Ground truth is downsampled LROC NAC DEMs at grid spacing
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of 10 m/pixel. The second network intends to generate DEM of 2 m/pixel and is denoted
as LDEMGAN-2 m. To train this network, the input data are LROC NAC image with
resolution of 2 m/pixel, together with the LROC NAC DEM downsampled to 10 m/pixel,
yet with similar pixel size to the NAC image. The ground truth is the LROC NAC DEM
of its original resolution. For clearer demonstration, the 10 m reconstruction network and
the 2 m reconstruction network are denoted as LDEMGAN-10 m and LDEMGAN-2 m,
respectively. From this, it can be seen that the areas that satisfy the conditions for producing
training data should include LROC NAC images, LROC NAC DEMs, and SLDEM at the
same time.

According to the availability of data by the above requests, eight regions were selected
for training the reconstruction networks. Some image samples of training data are shown
in Figure 3: samples with different lunar surface features (Figure 3a), samples with different
lighting conditions in the same area (Figure 3b), and samples after rotation or flipping
(Figure 3c¢).

(b)

Figure 3. Examples of LROC NAC images from our training data: (a) images with different surface
topography and features; (b) images with different lighting conditions in the same area; (c) images
after rotation or flipping to simulate different sun azimuths.

A total of 89 scenes of LROC NAC images (2 m/pixel) and their corresponding LROC
NAC DEM (2 m/pixel), together with SLDEM (60 m/pixel) covering these areas were
selected to make training samples. A total of 6428 sets of training samples were made for
training the first 10 m/pixel reconstruction network, and 4024 sets of training samples were
made for training the second 2 m/pixel reconstruction network.

For LDEMGAN-10 m, the number of training epochs is 200, and the initial learning
rate is 2 x 107%, which is linearly reduced to 10~° after 100 epochs. The coefficients in
Equation (11) are set to . = 0.5, 3 = 0.5, and y = 0.8, respectively. Next, LDEMGAN-2 m is
obtained through migration learning based on LDEMGAN-10 m. In addition, during the
LDEMGAN-2 m training, y is reduced to 0.3 in Equation (11), and training epochs is set to
100. This experiment used the pytorch1.10 platform to build the network and was carried
out on two RTX 3090 graphics cards. The training took a total of 5.7 h.

4.2. Testing
4.2.1. Testing Dataset

In order to test the reconstruction network, another four areas (including 25 LROC
NAC images) different from training data areas containing LROC NAC DEM that aims
at evaluating the reconstruction results are selected as test areas. The four areas are
Apollo 11, Imbrium, Lichtenberg, and Hponds. The LROC NAC images of these areas are

superimposed on SLDEM (Figure 4). The experimental areas are named according to what
the LROC NAC DEMs contain.
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(©) (d)

Figure 4. The LROC NAC images of the four test areas displayed on SLDEM: (a) Apollo 11;
(b) Imbrium; (c) Lichtenberg; (d) Hponds.

Details of the four areas are shown in Table 1. The images used in each area are
as follows: (1) Apollo 11: m150361817le, m150361817re, m150368601re; (2) Imbrium:
m1836970991e, m183704246re, m11060809491e, m1106080949re, m1175588941le, m1226179201re,
m1265076277re; (3) Lichtenberg: m104955555le, m1096922142re, m10969292891e, m1096929289re,
m1096936436le, m1096943583le, m1096936436re; (4) Hponds: m1100101542le, m1100101542re,
m1102444668le, m1102444668re, m1110719713le, m1110719713re, m1113084806le, m1113084806re.
The above data are downloaded from https://ode.rsl.wustl.edu/moon/index.aspx (ac-
cessed on 10 July 2022).

Table 1. Information of the four test areas.

Centre .
1D Test Area Latitude, Lo:tgitude LR Olgu;]n : grl(r)rfages SLDE(;/[/;{;S;%MIOH
(N, E/°)
1 Apollo 11 0.77,23.44 3 55.22
2 Imbrium 28.66, 333.88 7 55.51
3 Lichtenberg 31.68,292.43 7 59.22
4 Hponds 41.79,167.36 8 59.20
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4.2.2. Reconstruction Results and Analysis

The reconstruction results of the four areas are shown in Figure 5. We use the LROC
NAC DEMs of the experimental areas to evaluate the elevation accuracy of the reconstruc-
tion results. We choose two metrics, mean absolute error (MAE) and root mean square
error (RMSE), to evaluate the reconstruction results. The two metrics can reflect the overall
reconstruction performance of the statistics area, and the analysis of the local reconstruction
effect is further analyzed by the profile graph and the absolute difference plot.

Absolute difference between
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Figure 5. Reconstruction results and comparisons with LROC NAC DEMs. Each row shows one of
the four experimental areas. The first column shows reconstruction results; the second column shows
LROC NAC DEM as ground truth; the third column shows differences between the reconstruction

results and LROC NAC DEMs.
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The reconstruction effect of Apollo 11 (Figure 5a—c) is better than others in most
parts, because the training data contain a considerable number of areas that have similar
geomorphic characteristics and this area is relatively flat with less elevation variation.
Approximately 50% of pixels have elevation differences less than 2 m, and more than 90%
of pixels have elevation differences less than 10 m. The MAE of the whole experimental
area is 2.76 m and the RMSE is 3.02 m, revealing high-precision reconstruction performance.

The reconstruction effect of Imbrium (Figure 5d—{) is similar to that of Apollo 11, and
high reconstruction accuracy has been achieved in most parts of the area, the MAE and
the RMSE is less than 4 m for the whole area, and more than 85% of pixels have elevation
differences less than 10 m. The region with relatively large error in the Figure 5f bottom
right corner is Mons La hire, which is a hillside with large topographic relief. In this region,
the variation in image brightness (change in gray scale) is less than the other regions, yet the
elevation change is relatively large; therefore, the reconstruction network may not be able to
extract much effective information, leading to a comparatively large reconstruction error.

Experimental area Lichtenberg (Figure 5g—i) contains a large impact crater with diam-
eter of 19 km and depth of 2.2 km. As illustrated in Figure 5i, large reconstruction errors
mainly occur in the area with large topographic relief and less gray scale variation, such as
near the upper edge of the impact crater.

The Hponds experimental area (Figure 5j-1) is located in the Chandler area on the far
side of the Moon. Impact craters are densely and overlappingly distributed in this area.
There are a large number of impact craters in this area with diameter more than 500 m
and depth more than 100 m, which brings the existence of shading regions with brightness
close to 0 in the impact crater. Both the large variation in elevation and shadows caused
larger absolute reconstruction errors than the other test areas.

According to the above analysis of the reconstruction results, there are no obvious
artifacts in the reconstruction results. The reconstructed elevation accuracy is related to
the elevation and brightness ranges of the input area. The statistics of the reconstruction
errors in the four areas are listed in Table 2. As can be found in Table 2, experimental areas
Apollo 11 and Imbrium, which have moderate terrain fluctuation, have lower proportions
of elevation errors (i.e., the differences between reconstructed results and LROC NAC
DEMs) than the other two, which have relatively drastic topographic reliefs. The MAE and
RMSE in these four areas also reflect this trend.

Table 2. The overall statistics of the reconstruction errors in the four areas.

Reconstruction Error Reconstruction Error Reconstruction Error

Area <2 m (%) <4 m (%) <10 m (%) MAE (m) RMSE (m)
Apollo 11 48.32 73.06 91.54 2.76 3.02
Imbrium 4227 70.47 85.67 3.03 3.64

Lichtenberg 2721 45.11 68.89 9.26 10.52
Hponds 2552 4595 62.51 9.43 10.65

4.2.3. Detailed Analysis of the Reconstruction Results in Subareas

In order to obtain a more detailed analysis of the reconstruction results, four typical
subareas (numbered I-1V in Figure 5a,d,g)j) are selected to illustrate more elaborate analy-
sis. Figure 6 shows the zoomed subareas, the corresponding SLDEM, the reconstruction
results obtained by LDEMGAN, LROC NAC DEMs as ground truth for comparisons, and
sectional views of the reconstruction results and gray scale profiles of the LROC NAC
image, respectively. From Figure 6, it can be seen that the reconstructed DEMs from the
monocular LROC NAC images have good consistency with LROC NAC DEMs, showing
much finer elevation information than SLDEM, which provides control information.
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Figure 6. More detailed analysis of the results in the four subareas I-IV annotated in Figure 5. Each
column shows one subarea. Row 1: LROC NAC image of 2 m/pixel showing the zoomed subareas.
Row 2: SLDEM of 60 m/pixel. Row 3: network reconstruction results of 2 m/pixel. Row 4: LROC
NAC DEM of 2 m/pixel as ground truth for comparison purposes. Row 5: DEM profiles of the four
subareas with their profile locations shown in the first row. The green curves represent SLDEM,
the blue curves represent network reconstruction results, and the red curves represent LROC NAC
DEMs. Row 6: gray scale profiles of the LROC NAC image.

In subarea I (Figure 6a,e,i,m), the MAE of the reconstruction result is 1.26 m and the
RMSE is 1.84 m, as demonstrated in Table 3. The maximum elevation error is 6.43 m, which
is relatively small compared to the other subareas. From the elevation profiles (Figure 6d),
it is shown that LDEMGAN can recover detailed DEM that coincides with the ground truth.
Even the control information provided by SLDEM is with coarse grid and has shift in the
bottoms of the curves, which demonstrate that the details in the image have more impact
on the result.
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Table 3. Reconstruction error of subareas.

Degree of Reconstruction Error
Subarea Elevation Variation (m) <2m (%) MAE (m) RMSE (m) Max Error (m)
I 47.68 88.53 1.26 1.84 6.43
II 103.55 80.10 1.93 2.26 8.20
111 381.20 65.51 7.28 8.63 19.70
v 2858.62 38.72 9.43 10.33 28.82

In subarea II (Figure 6b,f,j,n), when SLDEM is greatly different from the LROC NAC
DEMs, as shown in Figure 6fn, the reconstruction result is still highly consistent with the
ground truth, from which it can be deduced that the input LROC NAC image takes more
credit on recovering depth values. The MAE of the reconstruction result in this subarea is
1.93 m, the RMSE is 2.26 m, and the maximum elevation error is 8.20 m.

In subarea III (Figure 6c,gk,0), the reconstruction result shows consistency with
SLDEM (Figure 6g), yet with more details, with a reconstruction MAE of 7.28 m, RMSE of
8.63 m, and a maximum error of 19.70 m compared to the ground truth LROC NAC DEM
(Figure 6k). It can be seen from the profile of this subarea (Figure 6s) that the center location
of the crater in the reconstruction result coincides more with the ground truth than that
of SLDEM, but there is an elevation drift of the reconstruction result from the real bottom
value in the shadow region of the crater as the gray scale profile shown in Figure 6w. We
found that when image brightness of the region is close to 0, the reconstruction network
would be unable to translate much effective information from the image and may rely more
on SLDEM to predict the elevation.

As can be seen from Figure 6a—c, the scales of subareas I, Il and III are similar. The
reconstruction errors rise with the increase of the degree of the elevation variation in
these subareas.

In subarea IV (Figure 6d,h,p), the reconstruction result of a large impact crater with
diameter of approximately 13.2 km is shown. From the profile (Figure 6t), the reconstruction

results are better than the SLDEM (Figure 6h), especially on the edges of the craters.

However, the RMSE is relatively larger than other subareas, which is 10.33 m, and the
maximum error is 28.82 m. This is because the data are normalized at an imagery size of
256 x 256 to relative scale values before inputting into LDEMGAN and are recovered to
absolute values according to the elevation range of this area. In consequence, deep craters
or terrain with large elevation change would result in a relatively large absolute error.

In summary, based on the reconstruction results of these four subareas, the LDEMGAN
can produce DEM with rich detail comparable to the NAC DEMs with the assistance of
control information supplied by SLDEM. The accuracy of the reconstruction results is
related to both the brightness variation of the input image and the degree of regional
topographic relief. When the input images have less shading (the gray scale value is
close to 0) and the degree of elevation variation is less than 100 m, the percentage of the
reconstruction error less than 2 m (less than the input image grid spacing) can be more than
80%, the MAE can be less than 2 m, and the RMSE can reach below 2 m.

4.3. Discussion
4.3.1. Effect of Control Information
As demonstrated in the previous sections, the reconstruction results may rely more

on the input image. In order to verify the necessity of control information instead of
considering the process as just a style transfer operation from image to elevation, the

reconstruction results with and without control information are compared in this subsection.

The Apollo 11 landing area is selected as the test area, the input images are LROC NAC
images (m150361817re, m150361817le), and the input low-resolution DEM for providing
control information is downsampled LROC NAC DEMs (nac_dtm_apollo11) with grid
spacing of 10 m/pixel. Here, using downsampled LROC NAC DEM instead of SLDEM can
verify the improvement of the reconstruction effect under ideal conditions such that the
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low-resolution data are completely correct. At the same time, considering that the degree
of elevation change mentioned in Section 4.2 will affect the absolute error, the result of
accuracy evaluation in this subsection applies relative elevation without scale recovery
(i.e., the value range is [0, 1]) so that the error magnitude of each input datum is the same.

Figure 7 shows the comparison results using different inputs: using only LROC NAC
image as input or using both LROC NAC image and coarse DEM as input. For better
visualization, the relative elevation values are stretched to [0, 255] for display in Figure 7.
Figure 7c,h,m shows the reconstruction result taking only LROC NAC images as input.
Although the trend of the elevation changes of these reconstruction results are consistent
with the real lunar surface, which can indicate the locations of big craters, the extent of
elevation change is inaccurate, especially in the areas that are relatively flat. In this case, the
MAE of predicated results using only image is 0.11, the RMSE is 0.18, and the maximum
mean error is 0.21. After adding the downsampled low-resolution DEM (coarse DEM) as
input (Figure 7d,i,n), the reconstruction of elevation change extent is greatly improved
while maintaining the detail. The error of each pixel of the reconstruction results is less
than 0.14, the MAE is less than 2 x 1072 and the RMSE of the pixels of all predicated results
is 4.2 x 1073, which indicates great improvement in the reconstruction. This experiment
verifies the necessity of using coarse DEM as control information, indicating that by adding
coarse DEM in the reconstruction network, the low-frequency part can be preserved and
noise can be reduced through the reconstruction process.

Reconstruction result

Input image Down sampled Reconstruction result using image and LROC NAC DEM
LROC NAC Image LROC NAC DEM using only image as .. co DEM as input (The truth DEM)
(2 m/pixel) (10 m/pixel) mput(Z m/plxel) (2 m/pixel) (2 m/pixel)

(a) _ () |

m150361817rel5 m150361817re05

m1503686011e63

V%100 m
E—

Figure 7. Comparisons of image reconstruction results with and without the help of coarse DEM. Each
row shows results of one area. Column 1: The input image of LROC NAC image of 2 m/pixel. Column
2: The coarse DEM obtained by downsampling LROC NAC DEM from 2 m/pixel to 10 m/pixel.
Column 3: The reconstructed result taking only image as input. Column 4: The reconstructed result
using both image and coarse DEM as input. Column 5: The ground truth DEM of LROC NAC DEM
(2 m/pixel).

4.3.2. Influence of Light Conditions

Similar to the traditional SFS method, the foundation of recovering elevation infor-
mation from images through LDEMGAN is image photometric content changes, such
as diverse intensity values due to reflection of lights from the topographic relief of the
lunar surface. Under different lighting conditions, such as solar altitude angle, the imaged
landforms of the lunar surface vary a lot, especially in the regions with severe elevation
changes. Although during the training process, images taken under multiple solar altitude
angles are considered to build the training dataset, relatively extreme cases, such as images
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captured at too high or too low solar altitude angles, are excluded to ensure network conver-
gence. Therefore, in this subsection, elevation reconstructions are carried out on the images
captured under different lighting conditions. The tested images also include some with
solar altitude angles that are not included during reconstruction network training. In this
way, how different illumination conditions affect reconstruction results can be analyzed.
We selected 29 images captured at different solar altitude angles (see Table 4 for
details), combined their SLDEM covering the same area as input, and reconstructed DEMs
through LDEMGAN established in Section 4.1, and part of the test results are shown in
Figure 8. On the whole, the reconstruction results (Figure 8e-h) of each image captured
at different solar altitude angles (Figure 8a—d) are visually consistent, and the maximum
RMSE of all reconstructed results is 3.27 m, which shows the network can adapt to the
change in lighting conditions to maintain the consistency of reconstruction results.

Table 4. Solar altitude angle information of the experimental images used for testing influence of

light conditions.

ID Image Solar Altitude Angle (°) ID Image Solar Altitude Angle (°)
1 m11717332091e 0.22 16 m1159956344re 43.01
2 m12776076971e 5.04 17 m1129325970re 44.44
3 m102014464re 8.24 18 m1114014396re 46.40
4 m102000149re 10.25 19 m1114007294re 47.39
5 m1126986303re 15.50 20 m1121074527re 4891
6 m1157600009re 16.36 21 m1121081627re 49.94
7 m1123426954re 21.27 22 m1197661005le 58.69
8 m1169345323re 23.45 23 m1282310415le 60.55
9 m1123448288le 24.38 24 m106719774le 62.77
10 m135032851le 28.86 25 m1192915976re 71.81
11 m113799518re 35.79 26 m1118716779re 76.14
12 m104362199re 36.03 27 m11163584771e 76.28
13 m129133239re 36.87 28 m1149338748re 76.90
14 m1129347305re 41.49 29 m1254093845le 80.50
15 m1129340193re 42.47
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Figure 8. Comparison of reconstruction results using images captured at different solar altitude angles.
Each column shows one result of one image. Row 1: the input image of LROC NAC image, solar
altitude angle: m12776076971e, 5.04°; m129133239re, 36.87°; m1282310415le, 60.55°; m1118716779re,
76.14°. Row 2: the reconstruction results. Row 3: the difference between the reconstruction results
(2 m/pixel) and the LROC NAC DEM (ground truth, 2 m/pixel).
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On the local scale, when the SLDEM due to the resolution limitation is also unable to
provide effective information of the region to network, too high or too low solar altitude
angle can lead to a decline in reconstruction accuracy. Especially, impact craters that cannot
be shown in SLDEM (the region marked in red in image and in black in reconstruction
results) have a noticeable difference. When the solar altitude angle is lower than 25° (as
shown in Figure 8a, m127760767le, solar altitude angle 5.04°), the RMSE of the marked
region is 5.88 m. When the image brightness (gray scale value) of the region is close to 0,
the reconstruction network could be unable to translate much effective information from
the image. This results in a large reconstruction error in this region (the RMSE is 5.88 m).
When the solar altitude angle is higher than 70° (as shown in Figure 8d, m1118716779re,
solar altitude angle 76.14°), the RMSE of the marked region is 6.23 m, and the RMSE of the
whole image is 4.48 m. The high solar altitude angle causes overexposure of the image. In
this kind of image, small impact craters in the image are bright entirely or mostly scattered
on the edge without distinguishable intensity changes, which leads to a certain degree of
increase in reconstruction error.

According to the experiment results shown and analyzed in this subsection, it is
proved that the network can be applied to different lighting conditions through the training
method described in Section 4.1, and the different elevation restoration results caused
by diverse lighting conditions have limited impact on the reconstruction results with
acceptable errors.

4.3.3. Discussion of Experimental Results

In terms of network structure, the generator network of our proposed LDEMGAN
adopts the U-Net structure, which takes both image and coarse DEM as input. The coarse
DEM, providing low-frequency information in the network, is taken as control information
for depth reconstruction (this is confirmed by the experiments in Section 4.3.1). However,
this is based on the assumption that the input image and DEM are accurate and their
spatial positions are consistent, which makes the accuracy of the reconstruction result
affected by the quality and spatial consistency of the input data. In other words, the offset
and systematic error in the spatial position of the input data will lead to unsatisfactory
reconstruction results. In this work, as registration error is less than one grid spacing of the
coarse DEM, the network is able to handle this error level, yet more research is needed to
be done concerning precise registration and systematic error elimination in future work.

The input of LDEMGAN is a single image and a low-resolution DEM, which is not
limited by stereo image coverage. The LDEMGAN is less affected by illumination changes
(see Section 4.3.2 for details). In Section 4.2, the LROC NAC DEM as the ground truth
was generated by stereophotogrammetry, and the RMSE and MAE in Table 2 are able
to demonstrate that the DEM reconstructed by LDEMGAN is very close to the results
reconstructed by stereophotogrammetry. Therefore, LDEMGAN is able to be used for
DEM reconstruction of a wider area of the Moon compared to stereophotogrammetry. In
addition, it is worth noting that the evaluation indicators MAE and RMSE used in this
work are aimed at accuracy in a statistical sense, which can reflect overall reconstruction
accuracy, but cannot reflect the spatial distribution of the error. In this paper, the spatial
distribution of errors is mainly analyzed by the visual effect of the absolute difference
plot (third column of Figure 5) and the profile of the subregion (fifth row of Figure 6).
Because no obvious regularities affecting the reconstruction accuracy were found from the
absolute difference maps or profile maps, the in-depth analysis was not continued in this
paper. If the subsequent application requires an in-depth study of the anisotropy or spatial
distribution law of the reconstruction effect, more relevant indicators will be needed for
experiments and evaluation.

From Figure 6, it can be seen that the reconstruction results of the network in the
area with large changes in elevation are not as accurate as that with small changes. We
suppose that this may be related to the following reasons. (1) The elevation variation
of the region where the training data was made is small, resulting in less ability of the
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network to learn to extract such informative features. (2) The scale recovery is carried
out according to Equation (13). When two areas with identical mean value but different
standard deviations (sd), e.g., greater degree of elevation change results in larger sd value,
the one with larger sd value probably leads to larger errors according to this scale recovery
method. (3) Scale recovery only depends on low-resolution DEM. The low-resolution DEM
may have systematic and random errors that are biased from the real lunar surface. These
errors will reflect on the reconstruction results through scale recovery. From the above
discussion, in future work, we need to firstly improve the normalization and scale recovery
mechanisms, and then add various training data so that the network may identify and
learn the different degree of elevation change. In this case, systematic errors caused by data
quality may be detected and corrected for better DEM reconstruction performance.

In subarea IV shown in Figure 6t, it seems that the reconstruction results are not
affected by the errors of SLDEM, and the reconstruction results are close to the ground
truth. The mean value of SLDEM in this subarea is close to the ground truth, but its
standard deviation is large. We deduce that gradient loss L, included in the loss function
in Equation (11) of LDEMGAN may take this credit of eliminating errors. When the
network finds that the gradient information extracted from the image is inconsistent with
the elevation change of SLDEM, it will trust the high-frequency information obtained from
the image more.

5. Conclusions

In this paper, according to the current situation that there are high-resolution images
and low-resolution DEMs covering the whole lunar surface, but few high-resolution stereo
pairs, we propose a high-resolution lunar DEM reconstruction method based on GAN.
This method can reconstruct a high-resolution DEM using a single high-resolution image
and a much lower-resolution DEM in the corresponding area. The grid spacing of the
reconstructed DEM is as high as that of the high-resolution input image.

The experimental results verify the feasibility and effectiveness of the proposed
method and verify the necessity of using much coarser DEM taken as control informa-
tion in the network, instead of only using it to recover absolute depth. The RMSE of
the reconstruction results can reach about 2 m in the area where the degree of elevation
variation is less than 100 m, and the RMSE value ranges from around 3 m to 10 m without
considering the degree of the elevation variation in large area reconstruction. In addition,
the reconstruction accuracy is proved stable under nonextreme illumination conditions
(the solar altitude angle is between 25° and 75°). In the future, we will continue to conduct
research on anisotropy of the reconstruction results, so as to further optimize and improve
the network.

Due to the current and near-future data situation on the lunar surface, the proposed ap-
proach has great potential for building global high-resolution DEMs for the lunar surface to
support more scientific and engineering applications, such as topographic characterization,
landing site selection, navigation, positioning, path planning, decision support, etc.
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Abstract: Impact basins are the dominant landforms on the lunar surface, and their geological
evolution varies. This research studied the diversity in the geological evolution of three impact
basins: the Dirichlet-Jackson Basin, the Nectaris Basin, and the Orientale Basin. First, the regional
topography and geomorphology of the three basins were studied using the SLDEM2015 digital
elevation model (DEM). Clementine ultraviolet-visible (UVVIS) data and Moon Mineralogy Mapper
(M3) data were used to study the chemical composition and mineralogical composition of the three
basins. Additionally, the lunar crust thickness data have been used to study the subsurface structure
of the three basins. The topographical analogies of the three basins indicate that the shapes of the
basins are cavity-like. However, the shape of the Dirichlet-Jackson basin is not an obvious cavity
compared with the other basins. The positions with minimum and maximum crustal thickness of
the three basins are located at the center and the rim. The uplift of the crust-mantle interface of the
Nectaris Basin and Orientale Basin is relatively larger than in the Dirichlet-Jackson Basin. Below the
center of the maria of the Nectaris Basin and Orientale Basin, collapses occurred at the crust-mantle
interface. The concentrations of FeO and TiO; in the non-mare formation of the basin and maria
show expected bimodal distributions. Moreover, we found exposures of olivine-rich materials in the
Nectaris Basin and Orientale Basin which are located in the Rosse and Maunder craters, respectively.
These exposures of olivine may be explained by the fact that the formation of the large impact basin,
which might penetrate and blast away the upper lunar crust, excavating deep-seated material.

Keywords: moon; impact basins; geological features; chemical composition; mineralogical composition

1. Introduction

Basin-forming impact events are one of the major geologic processes that occurred
during the evolution of the Moon, and they record the history of meteorite bombardment in
the early Solar System. Impact basins are the dominating topographic and morphological
features [1-3] that were formed by large-scale impact events, which represent major exoge-
nous resurfacing episodes on the Moon. During the late stage of lunar history, many impact
basins were filled with volcanic materials (mostly basalts) to form the maria, which reflects
the evolution representing the major endogenic geological processes of moon resurfacing.
The formation of impact basins was a key process during the initial periods of geological
evolution on the Moon, which affects both the lunar mantle and crust and is responsible
for the formation of megaregolith [4,5]. Recently, NASA, JAXA, and ISRO missions, Lu-
nar Reconnaissance Orbiter (LRO), Kaguya, Chandrayaan-1, and the Gravity Recovery
and Interior Laboratory (GRAIL) have provided high-resolution images and topographic,
hyperspectral, and gravity data, considerably enhancing our ability to understand the
geological evolution of the Moon.

Lunar impact basins have been identified, catalogued, and studied for a long time [2,6-9].
For example, Spudis [6] studied the geology and composition of important basin deposits,
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including the Orientale and Nectaris basins, and systematically summarized the geological
characteristics of another 45 lunar impact basins. Thus far, studies of the lunar basins
have mostly focused on the structure of individual basins or considered the compositional
characteristics of the basins [10-12]. In our research, we conducted a comparative analysis
of three lunar basins, Dirichlet-Jackson, Nectaris, and Orientale, which were formed at
different moments of early lunar history. The Dirichlet-Jackson Basin was formed earlier in
the pre-Nectarian period, and its rim has been considerably degraded since its formation.
The formation of the Nectaris Basin marked the beginning of the Nectarian period [1], and
the Orientale Basin is the youngest multi-ring impact basin on the Moon [6].

Our first goal was to study the topographical and morphological characteristics of
these basins. Our second goal was to analyze the chemical composition and mineralogy of
a variety of associated materials. The mineralogy of the lunar surface is relatively simple,
and the absorbance properties of lunar minerals and associated glasses are dominated by
only a few elements. Thus, in our study, we focused on the contents of FeO and TiO, in the
basin regions. Our third goal was to highlight analogies and differences among the basins
of different ages and locations. Based on our results, we analyzed the diversity among the
three basins and propose a possible explanation for the diversity.

2. Geological Overview of the Studied Basins

The lunar stratigraphy consists of five major time units, periods, from oldest to
youngest: pre-Nectarian, Nectarian, Imbrian, which includes the Early Imbrian and Upper
Imbrian epochs, Eratosthenian, and Copernican [1]. Stoffler et al. [13] derived a revised and
time-calibrated lunar stratigraphy. In this study, we adhered to this terminology (Figure 1a).
The basins which we studied (Figure 1b) characterize the pre-Nectarian period (Dirichlet—
Jackson Basin) period and mark the beginnings of the Nectarian (Nectaris Basin) and
Imbrian (Orientale Basin) periods.
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Figure 1. (a) Geologic time scale of the Moon revised by Stoffler et al. [13]. (b) LRO WAC Global
Mosaic (resolution 100 m/pixel) showing the locations of three study areas surrounding the selected
basins. The map is displayed in simple cylindrical projection.

The Dirichlet-Jackson Basin (Figure 2a) is located on the far side of the Moon. Using
the Bouguer anomaly data of the GRAIL mission, Neumann et al. [9] validated the existence
of the Dirichlet-Jackson Basin. More recently, Satya Kumar et al. [14] analyzed the gravity
anomalies generated by the GRAIL mission in detail and studied the sub-surface structure
of the Dirichlet-Jackson Basin. The basin has no mare filling, and its surface is covered by
ejecta from the Fitzgerald—Jackson basin and subsequent impact craters.
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Figure 2. WAC images of the three basins in Mercator projection. (a) Map of Dirichlet-Jackson Basin
centered at 158.2°W, 13.4°N. (b) Map of Nectaris Basin centered at 35.1°E, 15.6°S. (c) Map of Orientale
Basin centered at 94.8°W, 20.1°S. The red lines show the craters labeled in the maps.

The Nectaris Basin (Figure 2b) is on the nearside of the Moon and is located at 35.1°E,
15.6°S, south of Mare Tranquillitatis, and west of Mare Fecunditatis. Pike and Spudis [15]
classified the Nectaris Basin as a multi-ring basin. The western portion of the rim of the basin
is marked by a scarp of Rupes Altai, and Janssen Formation [6,16] and Descartes Formation
characterize the southeastern and western regions adjacent to the basin, respectively. The
Janssen Formation is exposed southeast of the basin, which extends outward from the
basin rim (Figure 2b). The Janssen Formation is similar to the Fra Mauro Formation of
the Imbrium Basin and the Hevelius Formation of the Orientale Basin, all of which consist
of continuous deposits [17]. The Descartes Formation is exposed to the west of the basin,
the knobby deposits of which resemble materials of the Apenninus Formation of the
Imbrium Basin.

The Orientale Basin (Figure 2c) is centered at 94.8°W, 20.1°S, southwest of Oceanus
Procellarum, and represents the lunar youngest and best-preserved multiring basin [10,18,19].
The basin is located in the transitional region between the highlands and the Maria, which
is known as the boundary between thin crust and thick crust [20]. There are three ejecta
units associated with the basin: the Maunder Formation, the Montes Rook Formation,
and the Hevelius Formation. The Maunder Formation consists of light smooth plains and
represents the melt sheet produced by the basin-forming impact [18]. The Montes Rook
formation is a knobby unit mainly located between the Outer Rook Mountains and the
Cordillera Mountains [21]. The Hevelius Formation is the main ejecta blanket of Orientale,
which represents the materials ejected outside the basin. Recently, Yue et al. [22] redefined
the absolute model age of the Orientale Basin and showed that the Orientale Basin was likely
formed approximately 3.80 Ga ago.
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3. Datasets and Methodology

We conducted a study of the three basins on the new datasets provided by the fol-
lowing instruments: the Clementine UV VIS spectrometer, Lunar Reconnaissance Orbiter
Wide Angle Camera (LROC-WAC) (http:/ /pds.lroc.asu.edu/data/LRO-L-LROC-5-RDR-
V1.0/LROLRC_2001/DATA/BDR/WAC_GLOBAL/, accessed on 30 August 2020), Lunar
Orbiter Laser Altimeter (LOLA), SELenological and Engineering Explorer Terrain Camera
(SELENE TC), and Moon Mineralogy Mapper (M3). In this study, we used LROC-WAC
(resolution 100 m/pixel) [23] to study the geomorphology of the three basins. The maps
of topography obtained by LOLA and SELENE TC merged Digital Elevation Model (SL-
DEM?2015) were used to analyze the morphology of the three basins. The spatial resolution
of SLDEM data is about 60 m/pixel and the vertical accuracy of SLDEM data is ~3—4 m [24].
The SLDEM can be downloaded from http://darts.isas.jaxa.jp/planet/pdap/selene/,
accessed on 18 February 2021. Spectral data taken by the Clementine mission [25] and hy-
perspectral data of M® onboard Chandrayaan-1 spacecraft were used to study the FeO and
TiO, distributions and mineralogy of the three basins. The UVVIS Clementine data can be
found at NASA PDS and Derived Products (https:/ /astrogeology.usgs.gov/search/map/
Moon/Clementine/UVVIS/Lunar_Clementine_UVVIS_WarpMosaic_5Bands_200m, ac-
cessed on 30 August 2020). The M3 data are available at PDS Geosciences Node (https:
/ /pdsimage2.wr.usgs.gov/Missions/Chandrayaan_1/M3/CH1IM3_0004/, accessed on
4 February 2021). The Clementine UVVIS camera has five spectral channels with a reso-
lution of 115 m/pixel. The wavelength ranges from 415 to 1000 nm [25]. The M3 data
have 86 spectral bands, from visible to near-infrared, with wavelengths ranging from
0.42 to 3.0 um, and its spectral resolution is 20 or 40 nm [26,27]. The global modes of
M3 data exhibit two optical periods (OP) and provide data with five different sets of ob-
servations, as discussed by Boardman et al. [26] and Besse et al. [28]. The Level 2 data
from the instrument’s Optical Period 2c were used to analyze the mineralogy of the three
basins, and the reflectance data were thermally, geometrically, and photometrically cor-
rected [27,29]. The resolution of the Level 2 data from the instrument’s Optical Period 2c is
approximately 280 m/pixel [30]. In addition, to estimate the major features of the lunar
interiors in regions surrounding the study basins, we used data from the updated version
of the crust thickness map, which is based on the GRAIL extended mission gravity model
JGGRAIL_900C11A [31].

3.1. Topographic Analyses

We constructed the DEMs for the Dirichlet-Jackson, Nectaris, and Orientale basins
using the SLDEM digital elevation data and conducted quantitative topographic analyses
for the basins. We extracted the elevation profile of the three basins from A to A” and
determined the diameters of the rings of the basins using the CraterTools extension of
ArcGIS [32]. As complementary information to the topographic characteristics of the basins,
we calculated the surface slopes in regions surrounding the basins at a 118 m baseline
based on the SLDEM data. The slope variations may help to emphasize processes acting
over geologic time [33].

3.2. Composition Analysis

Several algorithms have been proposed to derive the content of FeO and TiO; [34-37].
The FeO and TiO, abundances in the regions of the studied basins were calculated according
to the algorithms proposed by Lucey et al. [36]. The algorithms are defined as:

Rosg _
FeO(wt. %) = —17.427 x arctan(%) — 7.565 1)
Rus 042
TiOz(Wt.D/o) = 3.708 x (ﬂrCtﬂn(L))5'979 (2)

750
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where R), is the reflectance value for a given wavelength A.

To analyze the compositions of the different landforms of the Dirichlet-Jackson,
Nectaris, and Orientale basins, sets of randomly distributed points (pixels) were sampled
according to the area of three basins. In order to determine representative samples, the
number of points was proportional to the areas of each landform. In total, 200,000 sample
points (pixels) were randomly extracted from the Nectaris Basin and Orientale Basin, and
60,000 sample points (pixels) were randomly extracted from Dirichlet-Jackson Basin. This
method was successfully applied to the study of the northeast part of the South Pole-Aitken
(SPA) basin [38], and the number of measurement points was sufficiently large to provide a
representative sample of either FeO or TiO, content. Using the results of a previous study,
we mapped the sub-formations of the three basins and analyzed the FeO and TiO, contents
in the different sub-formation units.

3.3. Mineralogy Analysis

Different minerals have various spectral absorption characteristics (Figure 3). Here, we
used the hyperspectral data from M3 to study variations in the mineralogical composition
of the surface in the Dirichlet-Jackson, Nectaris, and Orientale basin regions. There is no
spatial information of the OP2C data of M3. Therefore, in the data processing, the spatial
information of M3 1B level data was coupled with level 2 data so that level 2 data had
spatial information. Twelve OP2C data strips covering the Dirichlet-Jackson Basin were
mosaiced into a single image. We repeated the same data processing for the Nectaris and
Orientale basins.

Reflectance

Pyroxenes

04 | | : :
500 1000 1500 2000 2500 3000

Wavelength(nm)

Figure 3. Laboratory reflectance spectra of representative lunar minerals and regolith of M3 data
(modified from Pieters et al. [30]).

To reduce the signal-to-noise ratio of spectral data and comprehensively describe the
basic mineralogical characteristics (e.g., the abundance of mafic silicates and soil maturity
of lunar regolith, members of the M3 science team have developed several mineral indicator
parameters. Here, we used the integrated band depth (IBD) to analyze and capture the
fundamental mineralogical properties of the surfaces in the basin regions because the IBD
is very sensitive to the chemical characteristics of minerals, which can more intuitively
highlight the absorption characteristics of minerals [39]. The IBD is defined as the integral
of the band depth within the spectral range of the absorption spectrum [40,41]. Here, we
used the crystal field absorptions at 1000 nm, and 2000 nm, and a reflectance of 1580 nm,
to synthesize RGB false-color images, where RGB is the integrated band depth around
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2000 nm (red), 1000 nm (green), and reflectance at 1580 nm (blue), respectively. Using
this method, the mineral absorption characteristic parameter images of three basins were
obtained to characterize the mineralogical diversity in the basin regions [19]. The definitions
of the integrated band depths for 1000 nm and 2000 nm are as follows [41]:

n=26 R(789 +20n)

IBD(1000 nm) = 1— s 3
(1000 nm) H;O ( Re (789 + 20n) ) )
IBD(2000 nm) = n2221(1 R(1658 1-40n) )

=" Rc(1658 +40n)

where R is the reflectance value for a given wavelength and R, is the reflectance value after

removing the continuum [19,41]. The wavelengths at which the calculation starts are 789,
and 1658, and 20 and 40 are the calculation intervals.

4. Results
4.1. Photogeological Analysis

In this study, the SLDEM topography maps were drawn in the Mercator projection,
which causes little distortion in low-latitude zones where all three studied basins are situ-
ated. We constructed topographic profiles based on the SLDEM to study the configuration
of the Dirichlet-Jackson, Nectaris, and Orientale basins (Figure 4). The SLDEM topography
map (Figure 4) indicates distinct differences in morphological characteristics among the
three basins.
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Figure 4. Topography map of Dirichlet-Jackson Basin, Nectaris Basin, and Orientale Basin and
their surrounding areas (based on SLDEM data). Major rings of the basins are labeled by dashed
lines. The red lines show the craters labeled in the maps. (a) Dirichlet-Jackson Basin. (b) Nectaris

Basin. (¢) Orientale Basin. (d) Topographic profiles across the three basins derived from SLDEM
elevation data.

The Dirichlet-Jackson Basin (Figure 4a) is located in the lunar farside highlands. The
topographic profile (AA’, Figure 4d) shows that the basin floor is not flat because it is
distorted by numerous large craters. The diameter of the Dirichlet-Jackson Basin is about
430 km (Table 1), roughly half the diameter of the Nectaris Basin. The average elevations for
the floor and rim crests are approximately 4.1 km and 6.3 km from the 12 radical profiles 30°
apart, respectively. Thus, the mean depth of the basin is approximately 3.8 km. The most
prominent topographic features within the Dirichlet-Jackson Basin are impact craters, some
of which are 2-4.5 km deep. The depth of the Raimond crater is larger than the Dirichlet—
Jackson Basin, possibly because the Raimond crater formed after the Dirichlet-Jackson
Basin, and the basin underwent later modification and degradation after its formation.

Table 1. Mean FeO contents in the sub-formations of the three basins.

Mean FeO Content

Basin (STD) ! of Mean FeO Content Mean FeO Content

Sub-Formations Dirichlet-Jackson (STD) of Nectaris (STD) of Orientale
Mare - 12.95 (1.80) 11.75 (2.81)
Floor formation 8.64 (1.44) 7.30 (2.55) 4.57 (2.19)
Peak-ring formation 8.76 (1.19) 6.28 (2.41) 4.22 (1.99)
Wall formation 8.19 (1.42) 6.49 (2.05) 4.26 (1.54)
Rim formation 9.12 (1.31) 6.42 (2.15) 492 (1.28)

1 STD is the value of standard deviation.

The Nectaris Basin (Figure 4b) was partly flooded with mare basalts from the north.
Both the SLDEM topography map and the BB’ topographic profile (Figure 4d) shows
that the surface of the Mare Nectaris is at a relatively low elevation and exhibits a flatter
topography. The B-B’ profile clearly shows the positions of the inner and outer rings of
the basin. The average elevation of the floor and the outer rim crest are approximately
2.8 km and 0.3 km from the 12 radical profiles 30° apart, respectively, and the depth of
the Nectaris basin is about 3.1 km. The topographic map and the profile across the Nectaris
Basin (B-B’) show that the northwestern portion of the basin, which is near the Serenitatis
basin, is significantly lower, and the bottom of the basin is relatively flat. The outer ring
of Nectaris Basin is relatively well preserved but appears breached to the northwest of the
Sinus Asperitatis (Figure 4b). The northwest part of the inner ring is missing probably due
to the filling of basalt from the North. In places where the inner ring is prominent, the
height reaches ~3-3.5 km above the mare surface and the diameter of the inner ring is
approximately 440 km. The outer ring forms Rupes Altai in its southwestern segment, with
a diameter of ~880 km (Table 1).

The Orientale Basin (Figure 4c) is the youngest multi-ring basin. The CC’ profile in
Figure 4d shows the position of the Inner Rook Ring, the Outer Montes Rook, and the
Cordillera Ring. The topography of the Orientale Basin is asymmetrical, as shown by
the elevation profile in Figure 4d. The topography in the west of the Orientale Basin is
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20°N

significantly higher than that in the east, which is likely because the Orientale Basin is located
in the transitional region between the highlands and the mare. The average elevations for
the floor and the rim crest in the Cordillera Ring are approximately —2.8 km and 2.3 km,
respectively; the depth of the northeastern portion of the basin and its surroundings is
significantly higher than the terrains at the eastern section of the basin. The diameters of
the Inner Rook Ring (IRR) and Outer Rook ring are approximately ~490 km and ~690 km,
respectively. The Cordillera Ring (CR), the outermost topographical rim of the Orientale
basin, is approximately 920 km in diameter.

4.2. Local Crustal Characteristics

Wieczorek et al. [31] used the LOLA topographic and the GRAIL gravity data to
construct models of crust thickness and relief of the crust-mantle boundary (“Moho”) on
the Moon. These models provide important data for study of the subsurface structure of
impact basins.

Figure 5 shows that the crustal thickness in the region of the Dirichlet-Jackson Basin
varies from 28 km to 69 km, with an average of 56 km. The crust-mantle interface profile
shows that the minimum and maximum thickness of the crust in the Dirichlet-Jackson
Basin region is located near the craters Raimond and Henyey U, respectively (Figure 5).
According to the crust-mantle interface profile across the center of the basin, the crust-
mantle interface in the basin is only slightly uplifted, approximately 20 km.
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Figure 5. (a) Crustal thickness map of Dirichlet-Jackson Basin with shaded relief topography;
(b) topographic profile from A to A’ based on SLDEM, where MR means the Main Rim of the basin;
(c) subsurface characteristics of the Dirichlet-Jackson Basin along the AA” profile.

Figure 6 shows that the crustal thickness in the region surrounding the Nectaris Basin
varies from 5 km to 56 km, with an average of 32 km. The area of minimum thickness
occurs below the mare fill in the basin, and the areas of maximum thickness correspond
to the basin middle ring (Figure 6). The crust-mantle interface profile across the center of
the basin shows that the mantle uplift is relatively large, approximately 35 km. Below the
center of the mare (red arrow), the crust-mantle interface exhibits large-scale collapse, and
the subsidence depth is approximately 3 km.
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Figure 6. (a) Crustal thickness map of the Nectaris Basin with shaded relief topography; (b) topo-

graphic profile from B to B based on SLDEM, IR means Inner Ring, MR means Middle Ring, OR
means Outer Ring; (c) subsurface characteristics of the Nectaris Basin along the AA’ profile.

The crustal thickness in the Orientale Basin region ranges from 6 km to 61 km, with an
average of 42 km. As shown in Figure 7, the minimum thickness is located at the center
of the basin floor. The thickest crust in the Orientale Basin region is in the western section
of the Outer Montes Rook, consistent with the results of Ishihara et al., 2009. The crustal
thickness is marked by a black double arrow in Figure 7, and notably decreases from the
east to the west. The crust-mantle interface in the Orientale Basin is columnar, similar to
that in the Nectaris basin. However, the scale of the mantle uplift is approximately 45 km,
larger than in the Nectaris basin.
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Figure 7. (a) Crustal thickness map of Orientale Basin with shaded relief topography; (b) topographic
profile from C to C” based on LOLA, IR means Inner Ring, IRR means Inner Rook Ring, ORR means
Outer Rook Ring, and CR means Cordillera Ring; (c) subsurface characteristics of Orientale Basin
along with the AA’ profile. Red arrows indicate subsidence of the crust and mantle interface.

4.3. Geochemical Results
4.3.1. FeO and TiO, Contents of the Basins

FeO and TiO, contents are commonly used in lunar geology. The FeO content in the
region of the Dirichlet-Jackson Basin varies from 0 to 17.8 wt.% (Figure 8a), with a mean
content of 8.4 wt.%. The TiO; content for the same region varies from 0 to 1.6 wt.%, with
a mean of 0.5 wt.% (Figure 9a). The iron—poor ejecta from the Jackson crater overlays a
significant portion of the Dirichlet-Jackson Basin. However, there are regions with higher

285



Remote Sens. 2022, 14, 6335

concentrations of FeO inside and outside of the basin, e.g., at Mitra and Mach craters in
the northeastern part of the basin (Figure 8a). The TiO, content within the basin floor is
higher than the regions outside the basin. Figure 9a shows that the floor of the Jackson and
Raimond craters is low content in Titanium. The ejecta from the Jackson crater have higher
concentrations of TiO, and overlay the floor of the Dirichlet-Jackson Basin.
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Figure 8. FeO contents of Dirichlet-Jackson Basin (a), Nectaris Basin (b), and Orientale Basin (c). The
black lines outline Maria in the Nectaris and Orientale basins. The maps are in Mercator projection.
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Figure 9. TiO, contents of Dirichlet-Jackson Basin (a), the Nectaris Basin (b), and the Orientale
Basin (c). The black lines outline Maria in the Nectaris and Orientale basins. The map is in Mercator
projection.

Figure 8b shows that the FeO content of the Nectaris Basin and the surrounding area
varies from 0 to ~19.8 wt.%, with a mean value of 14.9 wt.%. The abundance of TiO; in
the basin region varies from 0 to ~18.6 wt.% (Figure 9b), with a mean value of 1.4 wt.%.
The FeO and TiO, concentrations in Mare Tranquillitatis and Mare Fecunditatis are much
higher than in Mare Nectaris, with mean contents of 1.8 wt.% of TiO; and 14.9 wt.% of
FeO. The highest titanium content in the Mare Nectaris area is around 6 wt.%. The values
of FeO and TiO, contents in Mare Nectaris indicate that the mare materials belong to the
low-titanium basalts.

As shown in Figure 8c, the FeO content in Orientale Basin region varies from 0 wt.% to
19.6 wt.% with the mean of ~9.2 wt.%. The TiO; content in the same region varies from
0 wt.% to 9.6 wt.% (Figure 9c) with the mean of 2.7 wt.% (Table 2). Similar to the Nectaris
Basin, the areas with the higher iron and titanium content correspond to the mare material
within the Orientale Basin.
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Table 2. Mean TiO, content in the sub-formations of the three basins.

Mean TiO, Content

Basin Mean TiO, Content Mean TiO, Content

Sub-Formations . .(STD) ! of (STD) of Nectaris (STD) of Orientale
Dirichlet-Jackson
Mare - 2.54 (0.67) 2.48 (1.35)
Floor formation 0.55 (0.16) 1.04 (0.46) 0.56 (0.38)
Peak-ring formation 0.55 (0.13) 0.91 (0.54) 0.52 (0.29)
Wall formation 0.57 (0.15) 0.87 (0.49) 0.42 (0.15)
Rim formation 0.46 (0.11) 0.74 (0.55) 0.50 (0.16)

1 STD is the value of standard deviation.

4.3.2. Geochemical Characteristics of the Key Basins

In the completed Chinese 1:2,500,000 global Lunar geological Mapping project [42,43],
basin landforms are classified as peak-ring sub-formation, basin floor sub-formation, basin
wall sub-formation, and basin rim sub-formation. They are identified within Dirichlet-
Jackson, Nectaris and Orientale basins based on the WAC image (Figure 10). Here, we
calculated and compared the FeO and TiO; contents of different sub-formations in the
Dirichlet-Jackson, Nectaris, and Orientale basins. To analyze the chemical compositions of
the basins, Tables 1 and 2 show the results of the mean contents of FeO and TiO; in the
different basin sub-formations.
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Figure 10. The landforms of the Dirichlet-Jackson Basin (a), the Nectaris Basin (b) and the Orientale
Basin (c) (modified from Liu et al. [44]).
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Figure 11 shows the model concentrations of FeO and TiO, of different landforms. The
concentrations of FeO mainly range between ~6 and ~12 wt.%, whereas the TiO, abundance
varies from 0 to ~1 wt.%. The concentrations of FeO and TiO, in the Nectaris Basin and
the Orientale Basin are similar, concentrated between ~3 and ~9 wt.% and 0 and ~5 wt.%,
respectively. The concentrations of FeO and TiO; in the Dirichlet-Jackson Basin peak-ring,
floor, and wall sub-formation are mainly concentrated at ~9.5 wt.% and ~0.5 wt.%, respec-
tively, whereas the concentrations of FeO and TiO; in the rim sub-formation are mainly
concentrated at ~7.5 wt.% and 0.4 wt.%, respectively (Figure 11a,b). The concentrations
of FeO in Mare Nectaris and Orientale vary from ~12 to ~15 wt.%, whereas in the Nectaris
Basin and the Orientale Basin, the concentrations in the peak-ring, floor, wall, and rim
sub-formations range ~3 to ~9 wt.% (Figure 11c,e). The trend in the concentrations of
TiO; is similar to FeO (Figure 11d). The concentrations of TiO, in Mare Nectaris vary from
~2 to ~4 wt.%, whereas in the Nectaris Basin peak-ring, floor, wall, and rim sub-formations
from ~0 to ~2 wt% (Figure 11d). The concentrations of TiO, in Mare Nectaris vary from
~1 to ~3 wt.%, while in the Nectaris Basin, peak-ring, floor, wall, and rim sub-formation
is from ~0 to ~1 wt.% (Figure 11f). The concentrations of FeO and TiO; in the non-mare
sub-formation of the basin are similar, showing expected bimodal distributions together
with the concentrations of FeO and TiO; in the Mare area.

Figure 11. Cont.
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Figure 11. The frequency distribution of FeO and TiO, contents in the landforms of Dirichlet-Jackson
Basin (a,b), Nectaris Basin (c,d) and Orientale Basin (e,f).

4.4. Mineralogical Results

The lunar regolith is dominated by phases such as plagioclase, pyroxene, olivine,
ilmenite, and impact-generated glasses. Pyroxene spectra exhibit two major absorption
bands near 1000 nm and 2000 nm both due to Fe?* crystal field transitions. Reflectance
spectra of olivine exhibited a major absorption peak near 1000 nm. In our paper, the M3
data were used to superimpose a certain range near the main mineral absorption peaks
based on the IBD method, and IBD maps for the three basins were derived (Figure 12).
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Figure 12. Composite map of the spectral parameters of the Dirichlet-Jackson Basin (a), Nectaris
Basin (b), and Orientale Basin (c) calculated from the M3 data. The white dotted lines show the main
rings of the basins.
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The blue color of the Dirichlet-Jackson Basin region in the composite spectral parame-
ter map (e.g., point a in Figure 12a) indicates that the region is dominated by plagioclase,
which likely corresponds to the lunar crust composition before the formation of the basin.

The Nectaris mare regions and the surrounding highlands exhibit clear differences on
the IBD map. The materials in Mare Nectaris near the Rosse crater (e.g., point a in Figure 12b)
display strong absorptions at both 1000 nm and 2250 nm (Figure 13a), indicating that the
regolith in this area contains fresh pyroxene materials. At the wall of the Rosse crater (e.g.,
point b in Figure 12b), the materials show relatively weak absorption characteristics at
1000 nm and 2250 nm (Figure 13b). The Mare Nectaris appears yellow-orange, displaying
absorption characteristics at 1000 nm and 2000 nm indicating a mainly pyroxene composi-
tion. The materials in the southern wall of the Beaumont L crater (e.g., point c in Figure 12b)
display an absorption band at 1000 nm but no absorption band at 2250 nm (Figure 13c),
indicating that the minerals are olivine-rich. Additionally, the materials in the surrounding
highlands at the composite map (point d in Figure 12b) are blue, indicating feldspathic
materials (Figure 13d).
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Figure 13. The spectral reflectance curve of the materials in Nectaris Basin: (a) unweathered pyroxene-
rich basalt, (b) weathered pyroxene-rich materials at the Rosse crater wall, (c) olivine-rich materials
in the Beaumont L crater wall, and (d) feldspathic materials on the non-mare region.

Similar to Nectaris Basin, Mare Orientale and the surrounding highlands area is clearly
distinguishable on the IBD map of the Orientale Basin region. At the wall of the Il'in crater
(e.g., point a in Figure 12c), the M3 spectral reflectance curve shows strong absorption at
both 1000 nm and 2250 nm (Figure 14a), which indicates that there are some fresh pyroxene-
rich materials in the crater. The basalts in Mare Orientale and Lacus Veris are yellow in
color (e.g., point b in Figure 12¢), displaying relatively weak absorption features at both
1000 nm and 2250 nm (Figure 14b). The features indicate that the basalts contain weathered
pyroxene. In the northwestern rim of the Kopff E crater, there is a small and fresh crater
(point ¢ in Figure 12c). The M3 spectrum of point ¢ displays an absorption band at 1 pm but
no absorption band at 2000 nm (Figure 14c), which indicates that there possibly are olivine-
rich materials here. The surrounding highlands in the composite spectral parameter map
are blue-purple in color (e.g., point d in Figure 12c), which suggests that the composition of
the highland plagioclase dominates (Figure 14d).

291



Remote Sens. 2022, 14, 6335

0.00E2 025t b g
0.08 0.20L o
8 Unweathered Pyroxene 2 Weathered Pyroxene
§ 007 £
] S 0.15[ ]
% 0.06 =
~ 2
0.05 0.10R -
0.04
\ \ \ \ 0.05¢ . . ; i =
1000 1500 2000 2500 1000 1500 2000 2500
Wavelength (nm) Wavelength (nm)
0.20+ C d
o 0.20+
g g
EROES g Plagioclase
8 Olivine ]
b5 g 0.15 N
&~
0.10 B
0.10 g
0.05 -
1000 1500 2000 2500 1000 1500 2000 2500
‘Wavelength (nm) Wavelength (nm)

Figure 14. Spectral reflectance curves of the materials in the Orientale Basin: (a) unweathered
pyroxene-rich materials at Il'in crater wall; (b) weathered pyroxene-rich basalt; (c) possible olivine
rocks in the small and fresh crater wall; (d) feldspathic materials on the surrounding highlands.

5. Discussion

The initial goal of this study was to compare the topographical and morphological
characteristics of these basins. Topographic profiles traversing their interiors can provide a
qualitative assessment of their present topography. Analysis of the topographic profiles
of the three basins (Figure 15) show that the average elevation of the Dirichlet-Jackson
Basin is higher than the other two basins. In addition, the cavity-like shape in the profiles
is consistent with those demonstrated by Byrne [45], who proposed the radial elevation
profiles. The topographical analogies of the three basins show the cavity-like shapes of the
basins. However, the shape of the Dirichlet-Jackson Basin is not an obvious cavity. This is
because there are many craters with large diameters on the surface of Dirichlet-Jackson
Basin, which may be because this basin was formed in the pre-Nectarian period. After the
formation of the Dirichlet-Jackson Basin, it was subjected to a large number of impacts,
severely degrading the surface, and the rings were not easily identified. In addition, the
topographies of the Nectaris Basin and the Orientale Basin are extremely similar, in that they
are filled with mare basalts. The rings of the Nectaris Basin and Orientale Basin are easily
distinguishable because the two basins are well preserved. The floors of the two basins are
relatively flat, with only a small number of young impact craters.
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Figure 15. Topographic profile comparison map of the three basins, wherein 0 on the x-axis corre-
sponds to the center of the three basins, negative values on the x-axis represent the direction from the
center of the basin to the start of the topographic profile, and positive values on the x-axis represent
the direction from the center of the basin to the end of the topographic profile.
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We compared the crustal thickness of the three basins based on the GRAIL Crust
Thickness Model. The crustal thickness comparison map shows the crustal thickness
variations in the three basins (Figure 16). The minimum and maximum crustal thickness
positions are located at the centers and the rims of the basins, respectively, which is due to
the basin formation process. During the formation of basins, a large amount of material is
excavated and redistributed. Thus, the centers of the basins are thinner than the rim. The
formation of basins is the main process that leads to variations in lunar crust thickness,
which is in line with the results of Johnson et al. [46] from the perspective of simulating
the formation of basins. However, the crustal thickness of Dirichlet-Jackson Basin is
thicker than the other two basins; the thicker crust corresponds to the higher topography
(Figures 15 and 16). Nectaris Basin and Orientale Basin have thinner crusts, which is probably
due to an abnormally large mantle plug [20].
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Figure 16. Crustal thickness comparison map of the three basins, wherein 0 on the x-axis corresponds
to the center of the three basins, negative values on the x-axis represent the direction from the center

of the basin to the start of the topographic profile, and positive values on the x-axis represent the
direction from the center of the basin to the end of the topographic profile.

Analysis of the lunar samples showed that the TiO, concentrations of lunar mare
basalts have large variations, which may be due to the magmatic source and subsequent
differentiation processes. According to the TiO, contents, mare basalts can be classified as
very high titanium (VHT) basalts (>10 wt.% of TiO,), high-titanium basalts (7.5-10 wt.% of
TiO;), medium-titanium basalts (4.5-7.5 wt.% of TiO;,), low-titanium basalts(1-4.5 wt.% of
TiO,), and very-low-titanium (VLT) (<1 wt.% of TiO,) [47]. Basalts in Mare Nectaris and
Orientale are in the groups of very-low-titanium basalts and low-titanium basalts (Figure 17).
Very-low-titanium and low-titanium basalts (<5 wt.%) are the most widely distributed
basalts on the surface of the Moon and may be formed by the partial melting of olivine and
orthopyroxene materials [47].
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Figure 17. TiO, contents of Mare Nectaris (a), and Mare Orientale and Lucas within the Orientale Basin (b).
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Large impact events disturb the lunar crust of the target region and excavate materials
from the deep parts of the Moon. Maunder (Figure 18a,b) is a complex crater of the Eratos-
thenian period, with a central peak [1]. The diameter of Maunder crater is approximately
55 km, and this impact event excavated materials to a depth of ~5 km. Topographic analysis
of the Orientale impact structure suggests that the thickness of the melt sheet in the Orientale
is approximately 15 km [48]. These materials likely compose the entire wall of Maunder
and were brought to the surface from beneath. Thus, Maunder would have both exca-
vated and brought up through structural uplift the deeper stratigraphy of the melt sheet
of Orientale basin. The Rosse crater in the south of the Nectaris basin floor appears to be
relatively fresh. The depth and the excavation depth of the Rosse crater are approximately
2.5 km and 1.0 km, respectively (Figure 18c,d). In addition, the maximum thickness of Mare
Nectaris is over 1.5 km [49]. Thus, the formation of the Rosse crater only excavated the
mare basalts. In the M3 composite spectral parameter image of the Maunder and Rosse
craters, the yellow /orange colors indicate that the craters are a mixture of pyroxene and
olivine-rich materials.

Figure 18. (a) Maunder crater in Orientale Basin; the base map is an LROC WAC image. (b) The M3
composite image displays the mineralogy of Maunder. (c) Rosse crater in Nectaris basin; the base map

is an LROC WAC image. (d) The M3 composite image displays the mineralogy of Rosse.

The lunar magma ocean (LMO) hypothesis suggests that as magma oceans begin to
solidify, they first crystallize to form olivine, which, due to its higher density, sinks toward
the bottom of the magma ocean as it crystallizes and differentiates [50,51]. The impact
basin formation is responsible for the exposure of olivine. Large impact events could have
penetrated and blasted away the lunar upper crust, excavating deep-seated olivine-rich
material [52]. The Orientale Basin and the Nectaris Basin have thinner crusts [31]. Therefore,
it is possible that the olivine-rich materials may have come from the excavation of lunar
mantle material during large impact events to form these basins.

6. Conclusions

We systematically studied and compared the characteristics of topography, composi-
tion and mineralogy, geological features, and crustal characteristics of Dirichlet-Jackson
Basin, Nectaris Basin, and Orientale Basin using different imaging data sets. The main
findings of this paper are presented subsequently.

In terms of the topographical and morphological characteristics of these basins, the
topographical analogies are that the basins exhibit cavity-like shapes. However, the shape
of the Dirichlet-Jackson Basin is not an obvious cavity. In addition, the surface of Dirichlet—
Jackson Basin is severely degraded, and the rings were not easily identified due to the
earlier formation of the basin (pre-Nectarian period). The topography of Nectaris Basin
and Orientale Basin are extremely similar, in that they are filled with mare basalts and are
well preserved.

The minimum and maximum crustal thickness positions of the three basins are located
at the centers and the rims of the basins. The crust-mantle interface in the Dirichlet-Jackson
Basin is slightly uplifted, approximately 20 km, which is smaller than in the Nectaris Basin
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and the Orientale Basin. The amplitudes of the uplifts in the Nectaris Basin and Orientale
Basin are 35 km and 45 km, respectively.

Analyses of the composition and modeled concentrations of FeO and TiO; of lunar
basin landforms enable us to investigate the distribution of the concentrations of FeO and
TiO, in different basin landforms. The concentrations of FeO in the Dirichlet-Jackson
Basin are mainly concentrated from ~6 to ~12 wt.%, whereas the TiO, abundance is mainly
concentrated in the range of 0 to ~1 wt.%. The concentrations of FeO and TiO, in the
Nectaris Basin and the Orientale Basin are similar, concentrated between ~3 and ~9 wt.%
and 0 and ~5 wt.%, respectively. The concentrations of FeO and TiO, in the non-mare
formation of the basin and mare area show an expected a bimodal distribution.

The materials within the Dirichlet-Jackson Basin, Nectaris Basin, and Orientale Basin
are different. The Dirichlet-Jackson Basin is mainly composed of plagioclase minerals,
whereas Mare Nectaris and Mare Orientale are mainly mixtures of pyroxene and olivine.
The surrounding highland areas of the Nectaris Basin and the Orientale Basin exhibit a
feldspar-dominated composition, which is the original component of the lunar crust. There
are some relatively fresh impact craters in the mare region of the Nectaris Basin and the
Orientale Basin, and the walls of the craters contain pyroxene-rich basalt material excavated
from the near-surface.
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Abstract: The NASA Dawn spacecraft visited asteroid 4 Vesta between 2011 and 2012 and dwarf
planet 1 Ceres between 2015 and 2018 to investigate their surfaces through optical and hyperspec-
tral imaging and their composition through gamma-ray and neutron spectroscopy. For the global
mapping investigation of both proto-planets, geologic mappers employed Geographic Information
System (GIS) software to map 15 quadrangles using optical and hyperspectral data and to produce
views of the geologic evolution through individual maps and research papers. While geologic
mapping was the core motivation of the mapping investigation, the project never aimed to pro-
duce homogeneous and consistent map representations. The chosen mapping approach and its
implementation led to a number of inconsistencies regarding cartographic representation, includ-
ing differential generalization through varying mapping scales, topologic inconsistencies, lack of
semantic integrity, and scale consistency, and ultimately, to the management of reusable research
data. Ongoing data acquisition during the mapping phase created additional challenges for the
homogenization of mapping results and a potential derivation of a global map. This contribution
reviews cartographic and data perspectives on the mapping investigation of Ceres and highlights
(a) data sources, (b) the cartographic concept, (c) mapping conduct, and (d) dissemination as well
as research-data management arrangements. It furthermore discusses decisions and experiences
made during mapping and finishes with a set of recommendations from the viewpoint of the
cartographic sciences.

Keywords: planetary remote sensing; planetary cartography; cartographic object models; planetary
geologic mapping; geoinformation systems; data models; map templates; research data management

1. Introduction and Background
1.1. Background

The planetary geologic exploration of Solar System bodies is a fundamental part of
planetary sciences and targets the development of an understanding of planetary evolution
under exogenic and endogenic forces. Over recent decades, hundreds of geologic inves-
tigations and maps have been published, starting with mapping investigations at small
map scales for the Geologic Atlas of the Moon in the early 1960s based on orbital and in
situ data [1,2]. Beyond fundamental scientific questions and landing-site characterizations,
geologic mapping has become of major importance when analyzing the potential for future
mineral exploitation and extraction, e.g., through resource mining [3]. In its most general
form, planetary geologic mapping describes an investigation method in which planetary
surfaces are classified and mapped according to homogeneous material units that have
been formed through a distinct process during a distinct time in geologic history. The aim of
such investigations is to understand the geologic formation history of planets, moons, and
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other small planetary bodies. Map products derived from such investigations thus combine
information about surface materials (units), formation processes, as well as relative and
absolute timing along with the unit’s spatial distribution in its explicitly mapped lateral
as well as implicitly displayed vertical directions [4]. Geological maps, therefore, depict
the spatio-temporal relationships of planetary surface materials and processes. As such,
mapping is one of the most important tools of planetary geology, in which Earth-based
principles are applied to other planetary objects in order to break down complex settings
and to gain in-depth insights about the origins of units [2,5,6].

As of today, planetary geologic mapping is based on orbital data, mainly as in situ
exploration by rovers cannot cover significant areal extents. The majority of planetary
geological maps are based on the comparative analysis of optical images, multi- and hyper-
spectral images, high-energy data, radar data, as well as derivative products developed at
ground facilities, such as digital terrain models (DTM). A comprehensive summary of the
building blocks of mapping as foundational data products is discussed in Ref. [7]. With the
increase in scientific and technological developments since the beginning of sensor-based
planetary exploration around the 1960s, the quality and quantity of planetary data increased
and mapping could be conducted at much larger map scales and smaller spatial extents.

Planetary geologic maps are commonly created during investigations that are re-
gionally confined to a specific research area, and they are published as image subsets
or supplements to research papers [8]. They follow no particular convention, and their
layout, contents, and quality differ largely from publication to publication. In a few cases,
large map sheets are published as dedicated mapping investigations although outlets
are relatively sparse [9]. The majority of planetary geologic maps, however, have been
published through coordinated programs headed by the United States Geological Sur-
vey (USGS) and funded by NASA or through support from dedicated national funding
programs. Those maps and associated reports remain in the public domain and may be
downloaded or ordered as analog copies from the survey’s data warehouse in which a
metadata catalog is maintained. In addition to the USGS mapping program [10,11] and
the traditional data archives such as the Planetary Data System [12] and the Planetary
Science Archive [13], a number of institutional and community efforts exist to coordinate
the collection of spatial information and maps, such as the International Planetary Data
Alliance (IPDA) [14], NASA /USGS Mapping and Planetary Spatial Infrastructure Team
(MAPSIT) [15], or Planmap [16-18]. Recent efforts have been looking beyond the traditional
pipeline, leading to the archival of data and maps, and focusing on investigating topics such
as the implementation of data infrastructures with associated research data management in
the planetary domain [7,19-24].

Until today, the initial geologic mapping investigations of the proto-planets Vesta and
Ceres are the only modern large-scale efforts that have not been led by the USGS but were
part of an investigation that was carried out alongside the ongoing data acquisition in
orbit around Vesta and Ceres [25-27]. The geologic mapping campaign was developed to
provide a systematic and initial characterization of the global and regional geology of both
planetary bodies. This investigation aimed to provide context for

1. Other instrument teams onboard Dawn, aiming to determine their geochemistry and
mineralogy using a hyperspectral imager and a gamma-ray and neutron detector;
2. The larger planetary-science community for subsequent studies [28,29].

The major aim of the geologic mapping investigation of Ceres was to develop an
understanding of the global geology and chronostratigraphy of Ceres through iterative
geologic mapping at low and high spatial resolution during the mission’s lifetime [29] and
depending on the data return from low- and high-altitude orbits. More specifically, the
mapping investigation includes the identification of the origin of various surface features
and their spatial distribution, the identification and mapping of geologic units, and the
identification and characterization of stratigraphic relationships. The mapping approach
was different from other mapping investigations as data kept arriving when mapping
already started using survey, high-altitude, and lower-resolution data [29].
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The detailed geological reasoning has been discussed in more detail in the introductory
papers to this Special Issues on the geologic mapping of Ceres and Vesta [28-30] and in
individual contributions to the Special Issue.

1.2. Objectives

The background described above provides the motivation for reviewing the mapping
investigation at Ceres from a cartographic viewpoint and from the viewpoint of contem-
porary research-data management needs and to investigate the chosen approach and the
potential reuse value. More specifically, this contribution tries to

1.  Review and discuss the cartographic object model under the project’s boundary
constraints, including availability and use of cartographic base data and definition of
map sheets;

2. Review mapping conduct and mapping support;

3. Review the approach to disseminate and make the research results available.

The first author of this contribution (A.N.) was involved in the geologic mapping
investigation at Ceres to provide support in GIS, cartographic, and data modeling matters.

A discussion for this mapping investigation is timely as it complements the retrospec-
tive from the scientific point of view as provided by Ref. [28,29] and might help to discuss
or even improve future collaborative mapping investigations. Furthermore, by identifying
relevant cartographic requirements and by discussing potentials, a set of recommendations
can be developed, which might guide not only human mappers but also machine-based
mapping performed through Al-based methods in the near future. As autonomous impact-
crater mapping and landform detection and classification have seen new impulses through
machine-learning algorithms [31-36], new research on unit delineation, segmentation, and
classification is likely soon to spawn also in the planetary domain. Those machine-based
methods, however, need to withstand the same criticism when it comes to object models
and cartographic realization. And, while past publications have shown the efficiency of
such tools, they are usually not validated against manually measured data, which would
qualify as the closest we reach a ground truth. This contribution aimed to provide a few
first impulses in this direction.

While quadrangle-based mapping has always been conducted in the past (e.g., the
USGS Geologic Atlas of the Moon), the steps and the requirements from quadrangle-
based mapping to producing a coherent and consistent global cartographic product as an
additional product have never been exploited in any detail thus far. This contribution,
therefore, aims to identify cartographic and data management aspects that help close
this gap. However, for the geologic mapping investigation of Ceres, compilation (or
unification [37]) has never been an objective.

Another point of motivation is that there has been an evolving need to make results
accessible to the public and peer research by introducing strategies for research data
management and data reuse. This investigation attempts to discuss this topic to highlight
aspects related to more efficient planning for future reuse of research data. It aims to
improve the contextualization of research products in order to derive new findings by
linking spatial information more efficiently with each other. A development of this type
would also support initiatives such as GoFair [38]; the Committee on Data for Science and
Technology [39]; Research Data Alliance [40]; and finally, the FAIR-principles [41].

The concrete objectives of this investigation can be summarized as follows:

1. Creating a higher-level cartographic abstraction of the geological mapping investiga-
tion of Ceres to highlight and discuss major cartographic tasks associated with the
mapping investigation;

2. Discussing relevant constituents of the cartographic concept and their implemen-
tation and potential, ranging from data sources and conducting over-mapping to
dissemination and research data management;

3. Providing recommendations based on the lessons learned in this mapping investigation.
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1.3. Structure

In the first part of this contribution, the investigation is contextualized by first intro-
ducing the motivation and requirements for the mapping investigation in general and
by emphasizing the need to review and discuss the cartographic viewpoint. Also here,
the main objectives related to this research and the potential impact beyond the limited
boundaries of this research paper are highlighted. The methodology (Section 2) describes
and discusses the cartographic components within the geologic mapping investigation
and how they were integrated into the overall process and within each project phase. This
section describes the underlying approach for how the geologic mapping investigation was
cartographically conceptualized under given project constraints and how it was logically
designed and implemented. The focus here is put on four core elements: (1) cartographic
base data, (2) the cartographic design concept (sensu stricto), (3) mapping conduct, and
(4) research data and dissemination.

As highlighted in the subsequent section, design freedom for the mapping inves-
tigation was limited due to overarching project definitions. Consequently, the results
(cf. Section 3) will focus on the presentation and discussion of the actual mapping results,
i.e.,, maps and data products, and the potentials rather than on the mapping management
and coordination itself. In addition, a discussion about the future reuse of mapping results
is given due to the growing relevance of efficient research data management. More im-
portantly, this section will discuss the potential of reaching additional goals and discuss
the required effort and feasibility. This may provide a benchmark for future collaborative
mapping investigations that might be time-constrained. In the conclusions (Section 4), a
synthesis and major recommendations based on this investigation are presented.

2. Data and Methods
2.1. Base Data and Data Management

Dwarf planet Ceres has a dimension of (964.4 km x 964.2 km x 891.8 km) 4= 0.2 km
and is best represented as a triaxial ellipsoid. For cartographic and mapping purposes, its
shape is reduced to a sphere with a radius of 470 km. Its longitude domain is traditionally
180° in the positive east direction with impact crater Kait located at 0.2°S, marking the
central meridian Aq [42].

Cartographic base data for mapping consist exclusively of data from the instruments
onboard the Dawn spacecraft as no prior orbital observations exist. As the mission was
still ongoing during the time of the geologic mapping investigation, lower-resolution
base data had to be updated to high-resolution data during the mapping phase, which
ultimately required a more iterative mapping conduct. The main basis for the geologic
mapping investigation was optical data from the dual framing camera instruments (FC),
which consisted of a 1024 x 1024 pixel charge-coupled device (CCD) sensor and a 150 mm
focal-length telescope. During Dawn’s mapping phase, the spacecraft imaged Ceres from
three different orbital altitudes: a 4425 km survey orbit, a 1475 km high-altitude mapping
orbit (HAMO), and a 375 km to 410 km low-altitude mapping orbit (LAMO) [43].

In HAMO, the framing camera took about 2490 clear-filter images with a resolution of
about 140 m/pixel. The individual frames were selected according to homogeneous illumi-
nation conditions and a subset was processed by the FC team to generate a panchromatic
near-global image mosaic [44]. Based on this dataset, 15 map sheets using a traditional
quadrangle schema were created at a map scale of 1:750,000 [44]. During LAMO, the
camera took about 31,300 clear-filter images with an image scale of 35 m/px from which
a global image mosaic was created [45]. Again, based on a subset of that data, a Ceres
LAMO atlas consisting of 62 map tiles with a map scale of 1:250,000 was compiled and
published [46].

Based on the HAMO clear-filter image collection, a global digital terrain model (DTM)
was photogrammetrically derived at a scale of 135 m/px (60 pixels per degree) and with a
vertical accuracy of about 10 m [46,47]. The heights are calculated as ellipsoidal heights
and refer to an oblate spheroid (two-axial ellipsoid) with a semi-major axis of 482 km
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and a semi-minor axis of 446 km [47]. The digital terrain model not only serves in height
and relief estimates but also is used for photogrammetric control for the HAMO mosaic.
For the mapping investigation, a global DTM was provided in an equidistant cylindrical
projection. Hemispheric DTMs were provided for both polar regions in polar-stereographic
projections. DTMs for GIS integration are formatted as 16-bit raster images with raster
values representing the height above the reference spheroid with a 1 m binning [47].

While for the geologic mapping investigation, data sources were limited, the decision
was made to not systematically include additional single frames with varying illumination
conditions in order to balance the limited expected information gain and the expected
complexity when adding new data sources. Accordingly, by using the pre-compiled image
mosaic, only a small subset of images has effectively been used for mapping [29,44,45].

Hyperspectral information was also not systematically added to the database
(Figure 1) but was provided for individual mappers if required in order to limit the com-
plexity of the mapping investigation.

file feature feature addition layer scalable extensible
geodata- datasets classes tables file vector graphic markup language
base (fgdb) (fd) (fc) (at) (*.lyr) (*.svg) (*xml)

geo

contacts
geo
units

surface

features

bour:ggries symbols layout

nomen-
clature

point
feature
geologic
mapping
data

line
feature

mapping

template

map sheet
data

image elevation
data data

raster data

Figure 1. Data model as implemented in ESRI’s ArcGIS File-Geodatabase format.

In addition to this base data, feature datasets (FD) were created within ESRI’s ArcGIS
10 File-Geodatabase (FGDB) container to host individual feature classes (FC) containing
the actual mapping information (see Figure 1). The FD concepts allowed us to maintain
a consistent map projection throughout the project for all data that were added into the
FD container. Individual feature classes for geologic mapping contained point, line, and
surface geometries for geological contacts and unit representation. The image data mosaic,
digital terrain mode data, and nomenclature information were added from external sources
to form a consistent dataset.

The map layout and database design were kept minimal to not limit mappers through
too many constraints which could have led to abandoning the data model due to frustration
or conceived technical issues [48]. The original motivation was the implementation of a
data model as presented in Ref. [49] which would put more constraints on mappers.

2.2. Cartographic Concept

While not universally defined, a cartographic concept addresses the way data and
objects are modeled and put into relationship to each other, and defines how they are
cartographically visualized considering the needs of the target audience. With modern
cartography being a wide field, a cartographic concept might be implemented in different
ways for different purposes. The cartographic concept will, here, in its most general form,
be understood as a combination of aspects targeted at managing input data and converting
a topic into a comprehensible form using cartographic techniques. The concept, therefore,
comprises aspects such as base-data selection, as well as cartographic objects and their
relationships, i.e., the digital object model and the cartographic (visualization) model. Due
to the limited variety of source data in this project and due to a number of pre-defined
project constraints, the cartographic concept could not be developed from bottom up but
rather represented a simplified informal top-down approach loosely related to concepts
established at the USGS [50]. The target audience as defined in Ref. [29] were instrument
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teams of the DAWN mission as well as planetary researchers that will be working on
geologic topics, i.e., the same community that performs the actual geologic mapping.
Consequently, no adaptation regarding the topic’s complexity had to be introduced as the
target audience would expect to see and work with the same style of research papers and
maps that they have been used to.

The following paragraphs therefore concentrate on the cartographic representation
and some of the reasoning behind it. This includes specifically the (1) definition of map
sheets including subdivision of the surface into smaller sections in order to carry out this
project globally within the given project time and (2) specification of map products and
map formats, including final map scale, mapping scale, and map projection parameters
to provide a scientifically sound and useful basis for mappers. While being part of the
cartographic concept, a description of the actual mapping conduct and compilation follows
in the next section (Section 2.3). Topics related to the dissemination of mapping results,
including support for data homogenization and archiving for future reuse, are covered
thereafter (Section 2.4).

The underlying framework for this mapping investigation were losely defined through
the approach taken by individuals in USGS-coordinated mapping programs. While certain
aspects were implemented for the actual mapping, it did not include the compilation of
map sheets, neither in digital nor in analog form.

As base data for the geologic mapping investigation of Ceres, quadrangle maps from
the HAMO (1:750,000) and LAMO (1:250,000) observations have been used. They conform
to the quadrangle scheme presented in Greeley and Batson [51] for medium-sized bodies as
outlined in Roatsch et al. [44,45], and they represent dedicated definitions for printed map
sheets. The map scale for the geologic mapping investigation was defined to be 1:500,000
using the LAMO, and to some extent HAMO input data [29]. For polar areas, a map scale
of 1:1,000,000 was defined.

All mapping bases used the pre-defined projection for each quadrangle mosaic. For
the polar areas between 65° and 90°, an azimuthal stereographic projection was employed;
for mid-latitudes, a Lambert conformal conic projection between 21° and 66° was employed
with standard parallels at 30° and 58°; and for equatorial latitudes between 225°S and 22°N,
a secant normal form of the Mercator projection was employed with standard parallels
at 13°S and 13°N (Figure 2). In the latitudinal direction, each tile overlaps by 1°, and
this representation was adopted for the geologic mapping investigation as well. All three
map projections are conformal and thus maintain true shapes, which renders all impact
craters as circular features despite having distortions in lengths and areas with increasing
distance from standard parallels and the projection centers. Due to the ellipsoidal shape of
Ceres and its simplified representation through a sphere, however, the true shape cannot
effectively be maintained.

The mapping database was complemented by a layer for geologic symbols, accord-
ing to the planetary geologic symbol set as published by the Federal Geographic Data
Committee (FGDC), as well as metadata information (Figure 1) [52]. Color definitions
for units followed, to a larger degree, the stratigraphic color assignments known from
the Moon and also Mars (cf. Figures 3 and 4). Due to the associative character of color
hue as a cartographic variable, it is straightforward to immediately detect and spatially
correlate similar material units across the map and across map sheets. Material deposited
during similar time periods show variations in visually variable color saturation and color
intensity and thus allows for direct association of various materials formed during the
same time period. Due to the lack of geologic complexity, as mapped in the investigation,
unit and color variations are, however, limited.
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The map-sheet layer along with symbol configuration contained map-frame definitions
and the standard map graticule for print reproduction. For potential printing of map sheets,

a map template was created (see Figure 5).
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Figure 5. Mapping templates and principle layouts as distributed for the mapping investigation:

(a) map sheet layout for higher-latitude mapping in the Southern hemisphere in Lambert conformal

conic projection, (b) map sheet layout for mapping polar latitudes in polar stereographic projection,
(c) map sheet layout for mapping in equatorial latitudes in Mercator projection, (d) map sheet layout
for mapping in the Northern hemisphere in Lambert conformal conic projection.
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2.3. Mapping Conduct

Geologic mapping is based on differences in materials indicative of different formation
mechanisms and times. Compositional characteristics are challenging to distinguish in
planetary mapping unless hyperspectral information is used to differentiate units. Differ-
ences are marked by traditional geologic criteria, such as lateral discontinuities, texture
variations, different reflectances or different erosional levels [6]. Thus, terrain and relief
information as well as lighting conditions play a crucial role in the mapping process to
distinguish individual units.

Due to the lack of knowledge about a number of material units, a hybrid mapping
approach has been taken, which also comprises descriptive terms related to texture prop-
erties or other characteristics. This approach is taken frequently for geologic mapping, in
particular for historic maps due to lack of better information.

Geologic mapping was conducted on the panchromatic map-projected image as a
primary dataset for each quadrangle extent (Figure 6). Depending on the mappers’ pref-
erences, units were either defined using geological contacts (contact method) or through
geologically homogeneous areas (area method). The intention was to perform a refinement
mapping based on the global surveying map by Ref. [54] and to iterate further down from
HAMO to LAMO resolution, while the image mosaics were still being produced.
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Figure 6. Interface of the GIS-based mapping template.

Mapping scales are commonly set to 3—4 times higher than the map scale in order to
create smooth contact lines that account for the actual map scale. It needs to be kept in mind
at this point that mapping was performed on screen, which translates to a reduction in
effective resolution by a factor of about three due to the difference of screen (about 100 dpi)
to paper-print resolution (about 300 dpi). Mappers were expected to communicate with
each other for homogenizing quadrangle boundaries in terms of geometry and contents [29].

2.4. Research Data and Dissemination

For this mapping investigation, no concrete dissemination plan has been designed
nor was it implemented other than through the production of research papers. While
collaborative geologic mapping represented the core of the main investigation, the project
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did not intend to produce ready-to-print maps for display or as a working basis. Instead,
the aims, as stated in Williams et al. [29] and also previously in Williams et al. [28], were
primarily to provide a geologic context for other instrument teams and for the community
at large to conduct future research. This, accordingly, puts a major constraint on the
mapping investigation itself, which requires the mapping to be completed in the shortest
amount of time in order to serve as a useful basis for decision-making during the mission’s
lifetime. Consequently, the reuse of mapping data and detailed map compilations could
not be prioritized and any post-processing related to map and research-data generation
was not part of the original investigation. In order to provide some degree of reusable
data, however, the mapping coordinators agreed on a basic set of metadata that would
allow archiving all data products and mapping products along with the most basic pieces
of information (see Figure 7).

Geologic mapping results were planned to be published in a Special Issue where each
quadrangle-based investigation is represented by a research paper and accompanied by
the associated geologic mapping.

label keyword standard | value domain
Planetary Body TARGET_NAME [1] PDS "Vesta", "Ceres" coded value (extensible)
Map Title TITLE [2] FGDC “Geological map of Ceres" text
Mapper FULL_NAME [1] PDS "Andrea Nass" coded value (extensible)
Institution INSTITUTION _NAME [1] PDS "German Aerospace Center" | coded value (extensible)
Mapping Period START_DATE [3] n/a 2008-04-13
FINISH DATE [3] 2008-12-02
Mapping Keywords KEYWORDS [2] FGDC "geomorphology", "fractures" | coded value (extensible)
Map Purpose PURPOSE [4] n/a "Mapping Program", coded value (extensible)
"Publication"
Map Status STATUS [4] n/a "Complete", "In work", coded value
"Planned"
Map Projection Type MAP_PROJECTION_TYPE [1] | PDS "Sinusoidal Equal Area", coded value (extensible)
"Polar stereographic"
or/and | MAP_PROJECTION_NAME [1] | ppS "Lambert_Conformal_Conic", | coded value (extensible)
"Azimuthal_Equidistant",
"Transverse_Mercator"
Map Scale MAP_SCALE [3] FGDC "1:500,000" coded value (extensible)
Map Boundary Coordinates | MAXIMUM_LATITUDE [1] PDS 5.12 value range
MAXIMUM LONGITUDE [1] 78.39 value range
MINIMUM LATITUDE [1] -2.03 value range
MINIMUM LONGITUDE [1] 94.39 value range
Base Data IMAGE_ID [1] PDS ".... (image number) ....." coded value (extensible)
Additional Data Available ADD_DATA [3] FGDC "yes", "no", "N/A" (default) coded value
if "yes" >> | ADD_DATA INFO (3]
ADD_DATA_CREATOR [3] "morphometric data", coded value (extensible)
"age determination analyses"
"Andrea Nass" coded value (extensible)

Figure 7. Metadata allocation for users in order to describe a GIS-based mapping product ([1] = PDS
keyword, [2] = FGDC keyword, [3] = so far not standardized keyword), [4] = so far optional).

3. Discussion of Results

The geologic mapping investigation of Ceres led to a global geologic image with a
scale of 1:10,000,000, HAMO maps at 1:1,000,000 scale, and 15 maps based on LAMO
observations with a scale of 1:500,000, as well as research papers for 13 quadrangle
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investigations [29,55-65]. The global map has not been officially published and is avail-
able upon request only [66]. Individual HAMO/LAMO maps have been included as
higher-resolution figures in each of the cited research papers; however, no maps have been
published as separate map sheets thus far.

After the mapping investigation’s termination, data have been made available via
the data archive zenodo [67] by the first author. This archive also contains a non-unified
version of the global map alongside GIS data packages available for download (Figure 8).

In Sections 3.1-3.3, we highlight three issues in particular: (1) completeness of founda-
tional data, (2) originality of the cartographic concept, and (3) mapping results and reuse.

Geologic Map of Ceres
done by Dawn T d

Global dataset based on quad biished in lcarus Volume 316 (Dec 2018)

Plate Carree Pro] tred at 180°E

1:2,500,000
470 km radius

at90°s

Polar Stereographic Projection centred at 90°N

Figure 8. Map sheet of the global geology of Ceres at 1:2,500,000 as compiled from individual
quadrangle maps in equidistant cylindrical and polar stereographic map projections [45]. The
original data are available at Nass [67]. Note, this is a map sheet merge that was created after the
termination of the geologic mapping investigation. This map and the geologic map image derived
within the project at a scale 1:10,000,000 are different visualizations.

3.1. Completeness of Foundational Data

The employed data basis (see Section 2.1) consists of a subset of available images that
were selected according to homogeneous illumination characteristics within a preceding
project [44,45]. For the HAMO FC observations at Ceres, a total number of 2490 images and,
for LAMO, a total number of 31,300 images were sent back by the DAWN spacecraft. For
the panchromatic image atlas, a total number of 386 images for HAMO—Ilargely from one
single observation cycle—and about 11,550 images for LAMO have been processed [44,45],
translating to roughly 16% of all HAMO and 37% of all LAMO images that have been
included into the Ceres image mosaics and map sheets. As geologic mapping largely relies
on relief and illumination variations for geologic contact tracing, the decision to not include
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all available data might raise some concern. In fact, the majority of the available data basis
has not been incorporated for mapping in any systematic way.

The effects of varying illumination conditions are known, in particular when it comes
to morphometric measurements and to tracing the superposition of units so that views
under varying illumination geometries are crucial for detailed mapping. This holds even
more as there is no validation available. It is therefore likely, that the selection of a foun-
dational data product that has been created with a different target audience in mind (see
the discussion in the next section) has introduced considerable bias and ambiguities that
limit the potential of the final product. It has been shown in van Gasselt and Nass [68] that
geologic mapping based on remote sensing data introduces a number of uncertainties, and
thus by reducing these uncertainties, the integrity of the final product could be improved.
Given the lack of geologic complexity in the mapping area, additional datasets might not
change the overall picture considerably.

However, since data are readily available, small in size, and straightforward to process,
the systematic inclusion of additional data might not have impacted the overall mapping
timeline and would have increased the value of the outcome by making the best use of the
available data.

3.2. Originality of a Cartographic Concept

As outlined in the methodology section, a working cartographic concept requires in-
formation about recipients, i.e., the map readers, in order to tailor the cartographic products
to the needs of the target audience. By reviewing data products from this project, we do
not intend to criticize decisions that are ultimately controlled by other project constraints,
overarching boundary conditions, or future plans. Rather, the authors attempt to discuss
and highlight the potential that different approaches might have or which could be dis-
cussed for future mapping projects. While the projects provide ample material to discuss
decisions and take approaches on even the lowest levels, with chosen map scales being
one of them, the authors want to focus here on the more overarching issue of borrowing a
cartographic concept designed for different target audiences and the consequences.

For the geologic mapping investigation of Ceres, the decision was made to follow the
quadrangle definition as proposed by Greeley and Batson [51] and as employed for the
so-called atlasses of Vesta and Ceres. The original proposition by Greeley and Batson [51]
was published at a time that digital cartography was perceived in a traditional map-making
way and before the introduction of GIS technology in the planetary sciences. At that time,
physical print maps were the only means of communication of cartographic results. And,
print maps have also been a major focus when the collection of image map sheets was
published for Vesta and Ceres, as discussed in Ref. [44,45,69,70], in particular when it comes
to the discussion about map scales and map sheet sizes.

For both Vesta and Ceres, all quadrangle image maps were published and archived in
the Asteroid /Dust Subnode of PDS’s Small Bodies Node. These include

®  Map sheets in the portable document format (PDF)1
e  Global and quadrangle-based digital raster image mosaics in the PDS IMG format;
e  Raster images in GeoTIFF format ready to use for further processing or analysis.

These main datasets were stored alongside extensive metadata and other data deriva-
tives, such as color products [46,71].

While the image map sheets represent valuable and interesting cartographic products
in themselves, it remains to be seen who the target audience will be as it has not been men-
tioned in any of the associated publications. If the target audience is future researchers, it
would be interesting to see how these map sheets are being actually used for investigations,
measurements, or future context studies. Until then, the map products must be seen as
serving a more intrinsic purpose. On the other hand, the foundational global image mosaics
for Vesta and Ceres will likely be used for subsequent studies as they were uploaded to
a central archive and are well described through metadata. Diversity of file formats will
certainly ensure that future reuse and integration into projects are possible. It would have
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been exciting to see a publication of these maps within a modern webGIS platform using
dynamic zoom functionality and a data layer with contours that are filtered and generalized
according to each visualization scale rather than being statically generalized for a single
print resolution. Formats and dissemination platforms reflect that conceptual core idea of
generating print maps in addition to GIS-ready image products for future reuse.

As the geologic mapping investigation of Ceres (and Vesta) copy the quadrangle
scheme into its very own cartographic concept, it would be sensible to assume that the
outcome consists of ready-to-use geologic map sheets as well as digital products which
are eventually published in a public archive. The target audiences are clearly defined in
Williams et al. [28,29]; however, a compilation of print map sheets has not been the aim of
that investigation despite forming the core of the cartographic framework by design. Also,
the introduction of a GIS workflow along with a GIS data model to help maintain data
integrity could not help to create a unified, homogeneous, and consistent output across all
quadrangle boundaries.

After all, there is a significant loss of potential as by using the GIS data model in
its intended and potentially more constraining form, individual quadrangle mappings
could become geometrically, topologically, and semantically consistent, which would have
allowed for a unified map compilation and the creation of rich data layers alongside their
metadata. Also, the derivation of a unified geologic map as a side product would have
been possible. With the combination of digital contours, such geologic maps could become
rich in information and they could be integrated into a webGIS platform with dynamic
zoom functionality and the potential for overlaying additional information.

3.3. Mapping Results and Reuse

The scientific investigation reports along with individual geologic mappings have
been published in the Special Issue “The Geologic Mapping of Ceres” [29]. A compilation
of maps and reports has been completed by individual quadrangle mappers. Adjustments
of geologic contacts and symbols to homogenize map sheets transitions were encouraged
and have been realized between some quadrangles by the mappers themselves. A final
geometric and topological adjustment of contacts across quadrangle boundaries and homog-
enization of results to compile a unified map has not been carried out as no post-processing
time was allocated for this project. The mapping project was technically completed within
its scheduled time as it was considered complete after all papers were submitted. Individ-
ual quadrangle maps have not been submitted to research data repositories in a consistent
format thus far, and basic post-processing was conducted outside of the project’s timeframe
by the first author (see Figures 8 and 9). A number of mappers decided to provide maps as
higher-resolution figures associated with their publication.

A dataset comprising a compilation of all individual quadrangle mappings has been
uploaded to the archive platform zenodo (zenodo.org, European Organization For Nuclear
Research and OpenAIRE [72]). This includes supporting GIS files and a global dataset
that, however, are not unified as it would have required discussions with individual
mappers about geometric and semantic aspects, which was not achievable after the project’s
scheduled termination [67].

Given the amount of effort that usually goes into joint discussions, mapping defini-
tions, and the development of data models, a higher level of constraints for achieving a
higher consistency and integrity of research data products could have extremely positive
effects on data value by only imposing minor limitations. A more restrictive data model
with more constraints on geometry and topology, including mechanisms for validation,
and a higher degree of consistent generalization, either by enforcing consistent mapping
scales or by extensive post-processing, would undoubtedly have reduced the problem of
inconsistencies along individual map boundaries. This problem is even more pronounced
as mapping quadrangles have overlaps in the latitude direction by design. These prob-
lems are not purely geometrical as each geometry relates directly to the mapping contents.
Thus, the lack of synchronized contacts among most map boundaries causes non-trivial
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challenges for post-processing as this is only reasonable in discussion with individual
mappers. While the decision was made to give individual mappers the maximum amount
of freedom and to not impose any constraints that would limit mappers in their approach,
it also causes non-resolvable challenges when it comes to unifying geometric and semantic
transitions after a project is terminated. The relevance of this, ultimately, will vary from
mapping project to mapping project; however, the imbalance between mapping integrity,
efficiency, and freedom might be hard to justify at the end. When considering the in-
tended target audience, i.e., mission instrument teams and future researchers, one has to
accept that other instrument teams are likely the group who are least able to resolve such
semantic inconsistencies.

Figure 9. Compilation of the 15 map sheets of the mapping investigation of Ceres as overview figure.
For details regarding mapping criteria and map keys refer to the original publications introduced in
the Special Issue “The Geologic Mapping of Ceres” [29].

As it was not designed for the mapping investigation, and due to inconsistencies and
integrity problems as outlined above, no targeted research data management could be
realized. All adjustments and corrections have taken place outside the project’s time frame.

4. Summary and Conclusions
4.1. Summary

This geologic mapping investigation focused on a multi-user quadrangle-based map-
ping approach with individual quadrangles being defined using a map sheet tiling scheme
designed for print maps [51]. Mappers were provided with map and mapping templates,
and the finalized map contents could optionally be incorporated into individual map-sheet
layouts for exporting. The results were published in research papers with maps being
simplified and transferred to figures. While map-sheet compilations for print and display
take up resources to create, compile, review, and revise, it could have been a secondary
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aim of such an investigation for which, however, additional time had to be allocated.
Furthermore, within the boundaries of the geologic mapping investigation, no resources
were committed to producing an archivable and reusable research data product that would
provide a transparent and consistent dataset to be exploited by future researchers.

While the aims of this mapping investigation, as stated in Williams et al. [29], have
been met with respect to the publication of individual geologic investigations, it could be
shown that, by using a more targeted cartographic concept,

1. A global set of HAMO-based geologic quadrangle maps at more conservative map
scales could have been produced as digital datasets as well as analog map sheets;

2. Aglobal geologic map at HAMO resolution could have been compiled with consistent
geometry, topology, and map semantics by making use of the data model;

3. A consistent research data product could have been designed and archived that would
be reusable for future research, in particular for subsequent larger-scale mappings.

Subsequent mapping investigations would then build on these findings and create a
more refined mapping investigation using LAMO data (as currently planned to be carried
out by the USGS). There are plans currently to remap and compile a global map based on
HAMO data and a higher-resolution global geologic map based on LAMO data [73-75].
The LAMO geologic map is planned to be published as a USGS Special Investigation
Map (SIM) at a map scale of 1:3,000,000 for the equatorial region (+60°N and S) and
1:1,500,000 scale for the polar regions (>60°N and S) following the standards from the
USGS SIM.

4.2. Recommendations

Research Data Management. The awareness of targeted research data management
and the need for making research results available for future reuse have been growing
significantly over the last decades. Apart from reducing the amount of redundant work,
the strategy would also allow for more indirect reviews among peers and for obtaining
additional insights through the recombination and derivation of research results. In order
to achieve this, not only direct project aims but also strategies for dissemination need
to be developed, as it is already requested by various funding agencies. For a mapping
investigation similar to the use case reported here, dissemination strategies, data integrity
checks, as well as metadata specifications would constitute important points of discussion
during the conceptual phase. Furthermore, dissemination strategies would also allow
for technical constraints to be adjusted and consistency checks to be enforced, which
otherwise would not be implemented. These would be summarized as technical tools for
quality control.

Metadata. Targeted metadata are required to make sure not only can data be found in
the archives but also that a dataset’s lineage and associated researchers are communicated
in a transparent and standardized way. Considerable potential has been lost within this
geologic mapping investigation although common metadata attributes have been agreed
upon. For communication of producers, versions, and other lineage information, it is
of utmost importance to attach at least basic metadata information to each map/dataset
(cf. Figure 7).

Mapping Constraints. One important tool for quality control is the implementation of
targeted mapping constraints. Upon working towards the primary project results, a balance
needs to be found between addressing the needs for targeted research data management
and leaving wide-open research freedom. While this could lead to a discussion about the
role of mapping as a research tool [68], a more pragmatic approach would be to find a
balance discussed within the team and constrained through a mapping data model and
topology rule checks on contacts and units.

Cartographic Support. Geologic mapping investigations, in particular collaborative
ones with an increased level of complexity, depend highly on support from the cartographic
and data management domain. This is important not only for the provision of data,
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templates, and data-support tools but also to increase the level of awareness of the need for
such management.

Print Maps vs. webGIS. It feels timely to start discussing how usable as an asset
cartographic print maps, i.e., traditional map sheets for display and as a work product,
can be assets in the future as efficient tools for exploration. Analog working maps, i.e.,
charts and plans, might be of limited use nowadays in the planetary domain, in particular
as new types of information such as more spatial context cannot be added due to their
static character. Printable map sheets certainly remain beautiful products and demonstrate
the meticulous work and experience that have gone into the creation of such maps. If the
cartographic concept has been well designed, a map sheet compilation is probably a minor
additional step to be taken to complete the investigation. It, therefore, seems even more
important to discuss the implementation of efficient webGIS solutions which allow for
hosting not only the map sheet in digital format but also all cartographic objects along with
their semantic value for querying, measuring, and investigations. The provision of data
layers served over the internet (e.g., OGC/Web Feature Service (WFS) and OGC/Web Map
Services (WMS)) would in addition allow users to access maps using web interfaces or
their own systems and start working with such products. In such a way, these maps could
become new foundational map products to be used as the basis for future investigation.

Iterative Development. While the geologic mapping investigation consists of distinct
phases, the overall conduct is iterative in nature due to new data arriving during the
mapping phases and due to changing mapping foci. The project has shown that constant
communication between mappers and with data management support would have been
needed to arrive at consistent products during the mapping phase.

Planning for Derivative Products. The reviewed investigation has shown that the
compilation of mapping quadrangles could have led to a consistent derivative product
on the global geology of Ceres compiled at a smaller map scale. Consistent mapping
scales, synchronization of unit boundaries at map quadrangle boundaries, and a priori
agreement on the terrain descriptors and their exact delineation would have provided
a more consistent image. An internal iterative review for each quadrangle with its 4-8
adjacent quadrangles could have effortlessly created a highly consistent set of products,
which could then be generalized and simplified systematically to provide input for a
global map. This opportunity has been missed as a wider definition of freedom and lack
of constraints (including reviews) led to geometric and topologic inconsistencies, which
cannot be solved by a cartographer or GIS expert due to a lack of detailed topical knowledge
of the mapper’s view on the local geology and geomorphology.

Joint Concepts. A joint conceptual understanding and common baseline are needed,
not only for the general direction of the mapping investigation but also with respect to
the level of detail and the exact criteria for delineation. Varying topical expertise among
different mappers can easily lead to different mapping foci, and while similar geologic
features might appear across quadrangles, not all mappers have mapped such features.
This further begs the question of how far topical mapping rather than quadrangle mapping
would constitute an additional step for guaranteeing consistent mapping results.
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