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Abstract: The successful return of Chang’E-5 (CE5) samples urges the hot topic of the study of the
Moon in geochemistry. The elemental data of the analyzed moon samples reported in the literature
were collected to determine the elemental abundances in moon samples. Based on 2365 analytical
records of moon samples from ten missions of Apollo, Luna, and CE5, elemental abundances of
11 major oxides including Cr,O3, 50 trace elements including Ti, P, Mn, Cr, and 15 rare earth elements
(REEs) including Y are derived based on statistical distributions of normal, log-normal, and additive
log-ratio transformation, respectively. According to the value of 13.5% CaO content, moon samples
are classified into two types, as low-Ca and high-Ca samples, whose elemental abundances are
also calculated respectively based on the methods used in the total moon samples. With respect to
the mid-ocean ridge basalt (MORB) of the Earth, moon samples (including the Moon, low-Ca, and
high-Ca samples) are rich in Cr, REEs, Th, U, Pb, Zr, Hf, Cs, Ba, W, and Be and poor in Na, V, Cu, and
Zn in terms of their concentrations, and are enriched in Cr and depleted in Na, K, Rb, P, V, Cu, Zn in
spider diagrams. The CE5 sample is a low-Ca type of moon sample and is clearly rich in Ti, Fe, Mn,
P, Sc, REEs, Th, U, Nb, Ta, Zr, Hf, Sr, Ba, W, and Be and poor in Mg, Al, Cr, and Ni in terms of their
concentrations relative to the moon or the low-Ca samples. If compared with the moon sample, the
CES5 sample is also clearly rich in K, REE, and P.

Keywords: lunar samples; CE5; low-Ca; high-Ca; spider diagram

1. Introduction

The successful return of Chang’E-5 (CE5) has marked China as the third country to
retrieve moon samples after the United States and the former Soviet Union. Studies on the
returned samples have been an interesting and hot topic in geochemistry recently [1-11].
Elemental abundance is a basic topic in geochemistry, such as in the Earth [12-16]; therefore,
the elemental composition of CE5 samples and moon samples from the Apollo and Luna
missions is very attractive to geochemists.

On the elemental compositions of moon samples, Rose et al. [17-21] proposed the
compositions from the Apollo missions. Samples in each Apollo mission were divided
into the types of soil and rock, and the average elemental concentrations were used to
represent their compositions. However, the analyzed samples or sample count from each
mission was mostly less than 30, and items of major oxides, trace elements, and rare earth
elements (REEs) were limited, such as 11 major oxides (including Cr,O3), 14 trace elements,
and 3 REEs (Table 1). In addition, Taylor et al. [22] proposed a set of average elemental
compositions in the lunar highland, including 8 major oxides (lack of P,Os and MnO),
16 trace elements, and 14 REEs based on 4 samples from Apollo 17 and 6 samples from
Apollo 16 (Table 1). Korotev [23] proposed the compositions of Apollo 16 soils, including
8 major oxides, 12 trace elements, and 8 REEs based on 8 sampling stations with 2~6 samples
in each station (Table 1). Warren and Taylor [24] proposed the compositions of mare basalts
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and highland regolith on the Moon. The compositions of mare basalts include 8 major
oxides, 10 trace elements, and 5 REEs derived from the elemental averages of mare basalts
from all the Apollo and Luna missions except Apollo 16 and Luna 20. The sample count of
the mare basalts is less than 200 from the Apollo missions and less than 20 from the Luna
missions. The compositions of highland regolith, including 9 major oxides (lack of P,Os),
12 trace elements, and 9 REEs, were derived based on the statistical average of soils from
Apollo 16, 2 regolith breccias from Apollo 14, and 7 lunar meteorites (Table 1). Although
the elemental data from CE5 samples have been reported recently [1-3,5-7], the elemental
compositions or abundances of moon samples are incomplete, which were derived based
on only a few analytical samples with limited items (Table 1).

Table 1. Sample counts and element counts of analyzed moon samples.

Rose et al. Taylor et al.
References [17-21] [22] Korotev [23] Warren and Taylor [24]
Samples Apollo Lunar Apollo 16 Mare Highland
P Missions Highland Soils Basalts Regolith
Counts of <30 10 <50 <220 10
samples/records
Counts.of major 1 8 8 8 9
oxides
Counts of trace 14 16 12 10 12
elements
Counts of rare 3 14 8 5 9

earth elements

In this paper, the analytical data reported in the literature on moon samples from
Apollo, Luna, and CE5 missions were compiled firstly. Then the elemental abundances
of moon samples were derived based on statistical distributions of the analytical data.
Thirdly, the moon samples were classified into two types according to their concentrations
of CaO, and the elemental abundances of each type were also calculated. Finally, the
elemental compositions of CE5 samples were compared with the newly derived elemental
abundances of moon samples.

2. Samples and Analytical Methods
2.1. Samples

The exploration and research of the Moon have been launched since 1957 [25]. In 1969,
the Apollo 11 mission realized a manned moon landing and retrieved moon samples, which
shifted the research on the Moon from theoretical conception to practical analysis [26-31]. Then
in 1970, Luna 16 realized an unmanned moon landing sampling [32-34]. In 2020, Chang'E-5
(CE5) brought back moon samples [35]. So far, humans have retrieved moon samples 10 times,
including 6 Apollo missions, 3 Luna missions, and the Chang’E-5 mission (Figure 1). The
uppermost few meters of the Moon'’s crust, from which all the moon samples came, is a layer
of loose, highly porous regolith or moon soil [24]. Samples from the Apollo missions contain
lumps of rocks, breccias, surface soils, and core soils. The Apollo missions brought back a
total of 380.95 kg of samples (Table 2), of which rock and breccia samples were picked up by
the astronauts on the surface, and soil samples were mainly extracted by the surface scoop
and deep drilling core, with a depth of 2 to 3 m. The Luna missions brought back a total
of 0.301 kg of samples (Table 2). The sampling method was mechanical core drilling with
a depth of 0.2 to 1.6 m. As for the CE5 mission, it brought back a total of 1.731 kg of lunar
samples [1-3,5-7]. The sampling methods were mechanical shovel sampling and drilling
sampling, but the drilling samples have not been analyzed or reported until now.
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Figure 1. The landing sites of Apollo, Luna, and Chang’E-5 missions.

Table 2. The counts of analyzed records collected in this paper from each mission with other information.

Mission Longitude Latitude Counts of Samples Weight of Samples (kg)
Apollo 11 23.47297 0.67408 183 21.55
Apollo 12 —23.42157 —3.01239 218 34.30
Apollo 14 —17.47136 —3.6453 272 42.80
Apollo 15 3.63386 26.13222 364 76.70
Apollo 16 15.49812 —8.97301 685 95.20
Apollo 17 30.77168 20.1908 476 110.40

Luna 16 56.3 —0.68 33 0.101

Luna 20 56.5 3.57 34 0.030

Luna 24 62.2 12.75 67 0.170
Chang’E-5 —51.916 43.058 33 1.731

Sum - - 2365 382.982

2.2. Analytical Methods

The Apollo samples were first analyzed by the Lunar Sample Preliminary Examination
Team of NASA. It reported a few samples’ composition data, including major oxides and
some trace elements without REEs for each mission [26-31]. Later, other experts and
scholars applied to NASA for samples, of which the analytical composition data have been
reported one after another [17-21,36,37]. The samples from the Luna missions were first
analyzed and tested by the former Soviet Union [32-34]. Then after exchanging with the
United States, the composition data was also analyzed and reported [32-34,38-40]. The
composition data of CE5 samples have been analyzed and reported only recently [1-3,5-7].

The main analytical methods used to determine the composition data of moon samples
are X-ray fluorescence spectrometry (XRF), inductively coupled plasma mass spectrometry
(ICP-MS), instrumental neutron activation analysis (INNA), and electron microprobe analysis
(EPMA), which can analyze many items such as major oxides, some trace elements, and/or
REEs simultaneously [17,36-38]. In addition, other analytical methods such as isotope dilution
analyses (IDA), emission spectrography (ES), and radiochemical neutron activation (RCNA)
were adopted to analyze the composition of Rb, Sr, Zr, Re, Au, etc. [41-43]. The analytical
quality, such as the detection limits, precisions, accuracies, relative errors, and relative standard
deviations, were illustrated in the original literature. In general, the relative errors were less
than 5% for major oxides and 10% for trace elements, including REEs.



Appl. Sci. 2023, 13, 360

40f12

All the analytical data collected in this paper are from moon samples brought back from
the Apollo, Luna, and CE5 missions (excluding meteorites found on the Earth) and have been
reported in the literature. The analyzed samples are soils, breccias, and rocks, and the counts
of analytical samples (or records) in each mission or landing site are listed in Table 2. There
are 2365 records of analytical data of moon samples used in this paper in total.

3. Statistical Methods and Results
3.1. Elemental Abundances in Moon Samples

In order to calculate the elemental abundances in moon samples, a total of 2365 records
of analytical data were used with equal weight, ignoring the different missions or landing
sites, sample types, and analytical methods from the literature.

According to the rule of “The contents of major oxides commonly obey normal dis-
tribution”, the average of the analytical data excluding outliers was calculated as the
abundance for each major oxide here. Firstly, the average (Avg) and standard deviation
(Std) of each oxide’s data were calculated for all the samples (the count of samples is labeled
as ng). Then, the boundary values of Avg £ 35td were used to delete the outliers repeatedly
until no outlier data were found. Finally, the average of each oxide’s data without outliers
(the count of samples is labeled as n) was calculated and viewed as its abundance. The
abundances of 11 major oxides (including Cr,O3) along with counts of samples (ny and n)
are listed in Table 3, and statistical histograms of major oxides are illustrated in Figure 2.
The sum of the 11 major oxides (or Total in Table 2) is 99.10%, which is close to the closure
value of 100%.
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Figure 2. Histograms of major oxides with their counts of samples (ng is the count of total analytical
data and n is the count of analytical data without outliers). The histogram of KO contents is drawn
without the three highest values of 5.8, 3.2, and 3.1, and the histogram of P,Os contents is without
the two highest values of 1.38 and 1.1.
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Table 3. Elemental abundances in moon samples with their counts of samples (ng and n).

Oxides/ Moon Low-Ca High-Ca CE5
Elements Abundance nyp n Abundance ng n Abundance ng n Abundance
SiO, 44.89 1392 1375 44.78 1029 1015 45 346 327 41.51
Al O3 17.49 1885 1885 14.17 1379 1377 27.66 466 447 10.93
FeO 12.15 2062 2061 14.59 1456 1454 4.98 511 464 22.7
TiO, 2.52 1851 1723 3.98 1383 1379 0.431 444 419 5.43
CaO 12.11 1979 1959 10.93 1468 1440 15.69 511 493 11.36
MgO 8.83 1842 1793 9.77 1359 1302 5.75 462 461 6.21
Na,O 0.443 2040 1984 0.449 1452 1422 0.458 509 485 0.434
KO 0.11 1769 1478 0.171 1277 1181 0.088 409 393 0.175
P,05 0.123 596 512 0.18 476 461 0.106 120 120 0.248
MnO 0.169 1763 1757 0.194 1347 1341 0.061 362 336 0.285
Cr,03 0.269 2012 1974 0.316 1384 1364 0.095 458 445 0.199
Total 99.1 - - 99.53 - - 100.32 - - 99.49
Ag 5.1 112 112 111 38 38 12 1 1 -
As 0.054 79 79 0.057 52 52 0.027 14 14 -
Au 391 572 528 424 366 347 4.46 87 87 8.8
B 3.88 20 19 342 19 18 39 1 1 -
Ba 162 1488 1466 202 962 957 106 307 297 388
Be 1.35 186 185 2.03 86 85 1.06 22 22 2.84
Bi 0.0006 95 93 0.0167 5 5 - 0 0 -
Br 0.076 84 84 0.065 38 38 0.09 9 9 -
Cd 12.4 145 144 59.9 32 32 7.2 21 21 -
Cl 135 78 78 12 52 52 22.7 13 13 -
Co 32.2 1675 1608 35.1 1096 1062 254 322 322 37.7
Cr 1546 1970 1933 2046 1384 1354 607 429 429 1359
Cs 0.136 583 579 0.242 247 247 0.118 152 152 0.205
Cu 9.45 448 437 9.5 238 229 4.77 83 83 1222
F 67 48 48 86 37 37 29.2 11 11 -
Ga 4.59 613 574 5.55 384 357 3.42 100 100 5.79
Ge 0.08 181 181 0.087 75 75 0.219 15 15 -
Hf 55 1401 1372 6.84 960 954 2.95 248 248 13.8
In 0.0054 159 159 0.0081 40 40 0.0043 14 14 -
Ir 8.1 602 559 8.6 367 359 10.2 116 116 3.61
Li 9.5 347 340 123 174 174 6.24 65 65 154
Mn 1167 1761 1734 1441 1347 1325 490 341 320 2205
Mo 0.119 89 85 0.239 23 23 0.014 2 2 0.033
Nb 122 545 537 15.7 333 332 6.67 96 96 35.6
Ni 213 1413 1323 208 837 806 288 330 329 139
Os 1.67 103 103 15.7 12 12 7.5 1 1 -
P 267 840 840 626 476 476 395 115 115 1080
Pb 1.42 215 211 244 81 80 2.08 47 47 1.89
Pd 3.53 136 136 7.3 44 44 2.9 2 2 -
Pt 9.3 13 13 9.4 12 12 9 1 1 -
Rb 292 854 845 4.34 447 447 1.97 142 139 5.63
Re 0.167 124 124 0.464 30 30 2.31 2 2 -
Rh 16.7 2 2 16.7 2 2 - 0 0 -
Ru 13.7 29 28 10.1 19 18 23.7 10 10 -
S 819 248 235 881 193 189 592 46 45 -
Sb 0.0054 182 182 0.068 25 25 0.0079 16 16 -
Sc 25.6 1613 1600 36.1 1039 1035 8.3 347 334 63.5
Se 0.068 146 142 0.346 32 32 0.204 7 7 -
Sn 0.497 79 79 0.361 23 23 0.074 21 21 -
Sr 150 1337 1305 148 871 857 165 264 261 309
Ta 0.82 1193 1176 1.08 838 827 0.384 220 219 1.81
Te 0.0053 94 93 0.027 1 1 0.5 1 1 -
Th 1.99 1140 1127 2.36 755 752 1.58 262 255 4.98
Ti 11009 1850 1835 17063 1383 1378 2581 429 408 32526
Tl 0.00324 106 106 0.011 14 14 0.0006 1 1 -
U 0.63 986 959 0.88 589 589 0.465 196 185 1.36
v 64 1077 1070 79 763 751 19.8 188 187 93.1
\ 0.207 170 170 0.331 92 92 0.229 12 12 0.54
Zn 13 643 640 185 341 340 6.6 92 92 14.5
Zr 222 979 961 288 601 598 134 222 222 523
La 12.3 1553 1532 14.7 1050 1041 8.57 284 249 35.6
Ce 35.1 1429 1407 42.7 946 942 22.5 265 246 97.7
Pr 5 196 195 7.25 87 87 2.9 30 26 12.6
Nd 24.6 1102 1081 31.2 752 740 13.7 159 149 59.7
Sm 7.5 1473 1403 9.48 984 944 3.89 261 248 16.9
Eu 1.35 1499 1443 1.52 1004 997 1.07 269 261 2.58
Gd 9.8 346 335 125 143 141 4.67 54 52 19.3
Tb 1.67 1315 1268 2.12 886 851 0.8 255 249 3.28
Dy 10.5 1103 1017 13.3 759 689 5.04 163 152 20.4
Ho 2.36 540 490 3.04 346 302 1.13 74 71 4.14
Er 6.5 375 348 8.4 170 157 3.11 43 40 11.2
Tm 0.9 377 314 1.15 256 208 0.458 45 42 1.48
Yb 5.84 1680 1652 7.39 1126 1121 2.88 303 301 9.75
Lu 0.84 1414 1312 1.07 942 855 0.413 263 245 1.36
Y 60 426 407 73 259 243 314 67 64 116

Note: The units of major oxides and trace elements (including REEs) are % and 1g/g, respectively, except Ag, Au,
Cd, Re, Ry, Rh, Pd, Os, Ir, Pt, which are in ng/g.
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According to the rule of “The contents of trace elements commonly obey log-normal
distributions”, the geometric average of analytical data excluding outliers was calculated
as the abundance for each trace element. The elemental abundances of 50 trace elements
(including Ti, P, Mn, and Cr), along with their counts of samples (ng and n), are also listed
in Table 3.

REE pattern is a useful tool for traceability or provenance in geochemistry [44,45],
and the key signature is the variation trend of the pattern, which is dependent on REE
concentrations. Therefore, the covariation of REE abundances needs to be considered. Here,
the additive log-ratio (alr) transformation method [46,47] was adopted to calculate the
REE (including Y) abundances, and Yb was selected as the denominator to calculate the
ratios for other REEs. Yb was selected as the denominator of the alr transformation method
because it not only has the largest count of analyzed samples (ng = 1680 and n = 1652) but
also obeys the log-normal distribution well relative to the other REEs. According to the
geometric average of Yb without outliers, 5.84 ug/g was set as its abundance of moon
samples and was used to calculate the abundances of the other REEs (including Y). The
abundances of 15 REEs (including Y) with their counts of samples (ng and n) are also listed
in Table 3.

3.2. Elemental Abundances in Moon Samples with Low-Ca and High-Ca

Although elemental abundances in moon samples were derived based on statistical
distributions such as normal, log-normal, and alr-normal distributions, some items clearly
deviate from their ideal distributions, such as CaO, FeO, Al,O3, TiO,, P,Os, Cry0;3, etc., as
shown in Figure 2. It is worth mentioning that the distribution of CaO contents is near a
bimodal distribution (Figure 2). In order to derive more meaningful elemental abundances,
moon samples were classified into two types, as low-Ca and high-Ca samples, based on the
CaO content boundary of 13.5% used in this paper.

In the total 2365 analyzed moon samples, there were only 1979 records with valid
CaO contents. According to the content boundary of 13.5% CaO, there were 1468 records
classified as low-Ca samples and 511 as high-Ca samples. Therefore, moon samples with
low Ca were about three-quarters of the total moon samples collected in this paper, and
samples with high Ca were about one-quarter.

With respect to the low-Ca moon samples and high-Ca moon samples, we used the
same statistical methods as adopted for the total moon samples to calculate the elemental
abundances of each type separately. The abundances of each type are also listed in Table 3,
along with their counts of samples (ng and n).

4. Discussion
4.1. Geochemical Signatures of Elemental Abundances

Based on the elemental abundances of the moon, low-Ca, and high-Ca samples in
Table 2, we compared their geochemical signatures with the elemental abundances of car-
bonaceous chondrite CI [12], primitive mantle [13], bulk oceanic crust [14], mid-ocean ridge
basalt (including those of Atlantic, India, and Pacific [14]), continental crust (including total
continental crust, lower continental crust, middle continental crust, and upper continental
crust [15]), and rocks of China (including acidic rock, intermediate rock, and basic rock of
China [16]) and found moon samples are more close to the mid-ocean ridge basalt (MORB)
of the Earth. Here, only the comparison results with the MORB were illustrated to derive
the geochemical signatures of moon samples.

4.1.1. Major Oxides

According to the illustration method of spider diagrams, the 11 major oxides were
first sequenced descending on their abundances of moon samples. Then, moon samples
were normalized based on the MORB of the Earth. Finally, the spider diagrams of major
oxides of moon samples were derived and illustrated in Figure 3.
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Samples/MORB

[ O Low-Ca < High-Ca
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Figure 3. Spider diagrams of major oxides of moon samples normalized based on MORB. Abundances
of the MORB are from White and Klein [14]. Elements in the horizontal axis are the abbreviations of
their major oxides listed in Table 2.

With respect to the MORB, the moon sample (labeled as Moon in Figure 3) is clearly
rich in CrpO3 and TiO; and poor in K;O in terms of their concentrations. The moon sample
with low-Ca (labeled as Low-Ca in Figure 3) is also clearly rich in Cr,O3 and TiO, and poor
in KO, like the moon sample. While the moon sample with high-Ca (labeled as High-Ca
in Figure 3) is clearly rich in Cr,O3 and Al,O3 and poor in Na,O, TiO,, MnO, and FeO in
terms of their concentrations. In the three abundances of moon samples, the moon sample
with low-Ca is closer to the MORB, except for the clear signature of higher concentrations
of Cr,03 and TiO, and lower concentrations of K,O.

With respect to the MORB, the moon samples (including Moon, low-Ca, and high-Ca
in Figure 3) are clearly enriched in Cr and depleted in Na in the diagrams. Here, the terms
of rich and poor are used for concentrations (comparison between/among samples), and
the terms of enriched and depleted are used for diagrams (comparison among elements in
the same sample).

4.1.2. REEs

The REE patterns of the three abundances of moon samples (including Moon, low-Ca,
and high-Ca) are illustrated in Figure 4.

10 ¢

Samples/MORB

O Low-Ca < High-Ca
r + Moon * CE5

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

o

Figure 4. REE patterns of moon samples normalized to the MORB. Abundances of the MORB are
from White and Klein [14].

With respect to the MORB, the REE patterns of the Moon and low-Ca samples (Figure 4)
are near flat, except for the clear negative Eu anomaly. While the pattern of high-Ca
(Figure 4) is tilted right for light REEs and nearly flat for heavy REEs. Therefore, the Moon
and low-Ca samples are closer to the MORB than the high-Ca samples in the REE pattern,
except for the clear negative Eu anomaly. With respect to the absolute concentrations of
REEs, the three abundances of moon samples (including Moon, low-Ca, and high-Ca)
are all higher or richer than those of the MORB. The descending sequence of total REE
concentrations is (CE5 discussed in the following), low-Ca, Moon, high-Ca, and the MORB
(Figure 4).
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4.1.3. Trace Elements

Trace elements are illustrated using the spider diagram suggested by Sun and Mc-
Donough [48], with 31 elements, including K, P, and Ti. In order to avoid the repetition of
REEs, the Ce and Eu were deleted from the spider diagram in which Ce and Eu are following
the La and Sm, respectively. Therefore, a total of 29 elements (including K, P, and Ti) were
used to draw the spider diagrams of the moon samples, which are illustrated in Figure 5.

100 ¢

O Low-Ca < High-Ca

[ 4+ Moon ¥ CES5
810 /é # =
o F /i
= \ /
< 1 . \
S S

0.1 L L L L L L L L L L L L L L L L L L L L L L L L L L L L L

Cs Rb Tl Ba W Th U Nb Ta K La Pb Pr Mo St P Nd F Zr Hf Sm Sn Sb Ti Dy Li Ho Y Yb

Figure 5. Spider diagrams of moon samples normalized to the MORB. Abundances of the MORB are
from White and Klein [14].

With respect to the MORB in terms of their concentrations, the moon samples (in-
cluding the Moon, low-Ca, and high-Ca) are all clearly rich in Cs, Ba, W, Th, U, and Pb
(Figure 5).

With respect to the MORB, spider diagrams of moon samples (including the Moon,
low-Ca, and high-Ca) are nearly flat (variations are limited to one order of magnitude),
except for the clear depletion in Rb, K, and P (Figure 5). Furthermore, the diagram of
high-Ca is also clearly depleted in Ti (Figure 5).

4.1.4. Other Trace Elements

Except for the aforementioned major oxides, REEs, and trace elements, there are
only eight remaining elements of Sc, V, Co, Ni, Cu, Zn, Be, and B, which are reported
abundances both of moon samples and the MORB. Here we supplement Ti, Cr, Mn, and
Fe to the eight elements to form a series of the first transition elements plus Be and B.
Therefore, 12 elements were used to form the spider diagrams of the moon samples which
are illustrated in Figure 6.

100 ¢

O Low-Ca < High-Ca
+ Moon ¥ CES

Samples/MORB
o
—o
X
o*
Sowo

0.1}

Sc Ti V Cr Mn Fe Co Ni Cu Zn Be B

Figure 6. Spider diagrams of moon samples on first transition elements plus Be and B normalized to
the MORB. Abundances of the MORB are from White and Klein [14].



Appl. Sci. 2023, 13, 360

9of 12

With respect to the MORB in terms of their concentrations, the moon samples (includ-
ing the Moon, low-Ca, and high-Ca) are all clearly rich in Cr, Ni, and Be and poor in V, Cu,
and Zn (Figure 6).

With respect to the MORB, the spider diagrams of moon samples (including the Moon,
low-Ca, and high-Ca) are nearly flat (variations are limited to one order of magnitude),
except for the clear enrichment in Cr and depletion in V, Cu, and Zn (Figure 6). In addition,
the diagram for the high-Ca moon sample is also clearly enriched in Ni and B (Figure 6).

In summary, the geochemical signatures of major oxides, REEs, and trace elements in
moon samples (including the Moon, low-Ca, and high-Ca) are rich in Cr, REEs, Th, U, Pb, Zr,
Hf, Cs, Ba, W, and Be and poor in Na, V, Cu, and Zn in terms of their concentrations, and are
enriched in Cr and depleted in Na, K, Rb, P, V, Cu, and Zn in the spider diagrams, relative to
the MORB. Among the total moon samples, low-Ca samples, and high-Ca samples, the low-
Ca samples are closer to the total moon samples in concentration or patterns (or diagrams),
which is not only illustrated in Figure 3 to Figure 6 but also consistent with the counts of
analytical data with equal weighting used in this study. Except the 46 elements discussed
in this paper, the other 26 elemental abundances in moon samples are not discussed here
because of the data lack on the MORB.

4.2. Chang E-5 Samples
4.2.1. Elemental Concentrations

Here we compile the analyzed elemental data of CE5 samples reported recently. The
averages are used to represent the elemental concentrations of the CE5 samples which
include 33 analyzed records, including two repetitions reported by different authors. If the
elemental concentrations were only reported by Zong et al. [7], the suggested concentrations
by Zong et al. [7] are used in this paper.

The calculated elemental concentrations of the CE5 samples are also listed in Table 3,
including 11 major oxides, 15 REEs (including Y), and 28 trace elements (including Ti, P,
Mn, and Cr).

4.2.2. Geochemical Signatures

The content of CaO of CE5 is 11.36%, which is lower than the boundary value of
13.5% for low-Ca and high-Ca moon samples. Therefore, the CE5 sample is the low-Ca
type of moon sample. In terms of Ti content, moon samples can be divided into three
types: high Ti (TiOy > 6%), low Ti (1% < TiO, < 6%), and very low Ti (TiO; < 1%) [11].
The content of TiO, of CE5 is 5.43%, which indicates that the CE5 sample is the low Ti
type of moon sample.

According to the illustrations of moon samples, the geochemical signatures of the CE
sample are also illustrated in Figure 3 to Figure 6.

With respect to the MORB, the CE5 sample is clearly rich in Cr,O3, TiO,, and FeO and
poor in NaO (Figure 3) in major oxides in terms of their concentrations, and is also enriched
in CryO3, TiOy, and FeO and depleted in NayO in the diagrams. The REE pattern of CE5 is
tilted right slowly, except for the clear negative Eu anomaly, and its REE concentrations are
clearly higher than those of the MORB (Figure 4). In the spider diagrams (Figures 5 and 6), the
CES5 sample is clearly rich in Cs, Ba, W, Th, U, Nb, Ta, Pb, Zr, Hf, Tj, Li, Sr, Cr, and Be and poor
in V, Cu, and Zn in terms of their concentrations, and is enriched in Cr and depleted in Rb, K,
PV, Cu, and Zn in the spider diagrams. Among the total moon sample, low-Ca sample, and
high-Ca sample, the CE5 sample is closer to the low-Ca sample in concentrations or patterns
(or diagrams), which are illustrated in Figure 3 to Figure 6. This is consistent with the low-Ca
type of moon samples discriminated on CaO content, as mentioned previously.

With respect to the total moon sample, the CE5 sample is clearly rich in Ti, Fe, Mn,
P, Sc, K, REEs, Th, U, Nb, Ta, Zr, Hf, Sr, Ba, W, and Be and poor in Mg, Al, Cr, and Ni in
terms of their concentrations. From this view, the CE5 sample is the KREEP type of moon
sample [49,50] because it is rich in K, REEs, and P relative to the moon sample. However,
the contents of K;O in the CE5 sample and the low-Ca sample are 0.175% and 0.171%,
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respectively, which are almost the same within the relative error. From this view, the CE5
sample is the non-KREEP type of moon sample [1] because of the non-enrichment of K
relative to the low-Ca moon sample.

Except for the aforementioned studies on the CE5, more and more articles are being
published [51-54] on hot and interesting topics, which are very helpful in promoting the
research of the Moon. The elemental abundances of the CE5 sample in this paper will be
improved on with more studies in the near future.

5. Conclusions

(1) The elemental abundances of moon samples, including the moon sample, the low-Ca
moon sample, and the high-Ca moon sample, were derived from statistical distribu-
tions of analytical data reported in the literature. The classification criterion of low-Ca
and high-Ca types of moon samples was 13.5% CaO content.

(2) With respect to the MORB of the Earth, the moon samples (including the Moon, low-
Ca, and high-Ca samples) were rich in Cr, REEs, Th, U, Pb, Zr, Hf, Cs, Ba, W, and Be
and poor in Na, V, Cu, and Zn in terms of their concentrations, and were enriched in
Cr and depleted in Na, K, Rb, P, V, Cu, and Zn in the spider diagrams.

(38) The CE5 sample is the low-Ca type of moon sample and is clearly rich in Ti, Fe, Mn, P,
Sc, REEs, Th, U, Nb, Ta, Zr, Hf, Sr, Ba, W, and Be and poor in Mg, Al, Cr, and Ni in
terms of their concentrations relative to the moon and the low-Ca moon samples. If
compared with only the moon sample, the CE5 sample is also clearly rich in K, REE,
and P.
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