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Lunar soil is a fine mixture of local rocks and exotic components. The bulk-rock chemical composition of
the newly returned Chang’E-5 (CE-5) lunar soil was studied to understand its chemical homogeneity, exo-
tic additions, and origin of landing site basalts. Concentrations of 48 major and trace elements, including
many low-concentration volatile and siderophile elements, of two batches of the scooped CE-5 soil sam-
ples were simultaneously obtained by inductively coupled plasma mass spectrometry (ICP-MS) with
minimal sample consumption. Their major and trace elemental compositions (except for Ni) are uniform
at milligram levels (2–4 mg), matching measured compositions of basaltic glasses and estimates based on
mineral modal abundances of basaltic fragments. This result indicates that the exotic highland and KREEP
(K, rare earth elements, and P-rich) materials are very low (<5%) and the bulk chemical composition (ex-
cept for Ni) of the CE-5 soil can be used to represent the underlying mare basalt. The elevated Ni concen-
trations reflect the addition of about 1 wt% meteoritic materials, which would not influence the other
bulk composition except for some highly siderophile trace elements such as Ir. The CE-5 soil, which is
overall the same as the underlying basalt in composition, displays low Mg# (34), high FeO (22.7 wt%),
intermediate TiO2 (5.12 wt%), and high Th (5.14 lg/g) concentrations. The composition is distinct from
basalts and soils returned by the Apollo and Luna missions, however, the depletion of volatile or sidero-
phile elements such as K, Rb, Mo, and W in their mantle sources is comparable. The incompatible litho-
phile trace element concentrations (e.g., Ba, Rb, Th, U, Nb, Ta, Zr, Hf, and REE) of the CE-5 basalts are
moderately high and their pattern mimics high-K KREEP. The pattern of these trace elements with K,
Th, U, Nb, and Ta anomalies of the CE-5 basalts cannot be explained by the partial melting and crystal-
lization of olivine, pyroxene, and plagioclase. Thus, the mantle source of the CE-5 landing site mare basalt
could have contained KREEP components, likely as trapped interstitial melts. To reconcile these observa-
tions with the initial unradiogenic Sr and radiogenic Nd isotopic compositions of the CE-5 basalts,
clinopyroxene characterized by low Rb/Sr and high Sm/Nd ratios could be one of the main minerals in
the KREEP-bearing mantle source. Consequently, we propose that the CE-5 landing site mare basalts very
likely originated from partial melting of a shallow and clinopyroxene-rich (relative to olivine and
orthopyroxene) upper mantle cumulate with a small fraction (about 1–1.5 %) of KREEP-like materials.
� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The returned samples from previously unsampled regions in the
Moon can allow us to answer many of the outstanding questions in
lunar formation and evolution (Yang and Lin, 2021). China’s
Chang’E-5 (CE-5) mission landed on Dec. 1, 2020, at 43.06�N,
51.92�W within the Procellarum-KREEP Terrane of the Moon and
represents the first lunar sample return mission since Apollo
(USA) and Luna (Soviet) missions in the 1970s (Li et al., 2022). The
landing site is far away from the Apollo and Luna landing sites
and sampled a mare plain (designated Em4/P58) in the Northern
Oceanus Procellarum where the young lunar mare basalts are
exposed on the lunar surface (Che et al., 2021; Hiesinger et al.,
2011; Li et al., 2021b; Qian et al., 2021a). The CE-5 mission brought
back a total weight of 1731 g of lunar regolith by automated scoop-
ing and drilling. The bulk chemical compositions of the new CE-5
lunar soil provide important constraints on various lunar processes.
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Remote telescopic and orbital spectroscopic investigations
have provided regional and global views on the bulk chemistry
and thus the fundamental element distribution and evolution of
the Moon (e.g., Gillis et al., 2004; Lawrence et al., 1998;
Lawrence et al., 2002; Prettyman et al., 2006; Qian et al.,
2021b). Analysis of the returned lunar soils in the laboratory
can serve as the ground truth to calibrate remote sensing data
of chemical properties of the lunar surface (Hiesinger and Head,
2006) and allow construction of global chemical maps (Shearer
and Borg, 2006; Shearer et al., 2006). The composition of lunar
soils is often affected by lateral mixing of impact ejecta (local
and/or exotic) and the addition of meteoritic materials (e.g.,
Head and Wilson, 2020; McKay et al., 1991). Whether or not these
processes affected the compositions of the CE-5 soil is not cur-
rently clear. The extent to which their compositions differ from
returned Apollo and Luna samples are not well understood (Li
et al., 2022, Yao et al. 2022). High concentrations of volatiles
and heat-producing elements like K, U, and Th that are mainly dis-
tributed in the KREEP, a material characterized by K, rare earth
elements, and P-rich, in the mantle source are expected to have
sustained young mare magmatism in the Northern Oceanus Pro-
cellarum (Laneuville et al., 2018). However, Tian et al. (2021) sug-
gested a non-KREEP origin for the CE-5 basalts based on
unevolved Sr-Nd isotopic compositions and make us reconsider
the thermal evolution of the Moon.

Up to now, work mainly focused on petrology, in-situ mineral
chemical compositions, and formation timing of basaltic clasts of
the CE-5 regolith (Che et al., 2021; He et al., 2022; Hu et al.,
2021; Li et al., 2021b; Tian et al., 2021). Li et al. (2022) and Yao
et al. (2022) reported major and some trace element compositions
of the CE-5 soils using conventional methods of X-ray fluorescence
spectrometry (XRF) and instrumental neutron activation analysis
(INAA). However, due to low concentrations, some elements of
great interest such as Cu and Mo have not been reported. More-
over, the characteristics and origin of the CE-5 basalts were mainly
based on the assumed rare earth elements (REE) of basaltic frag-
ments (He et al., 2022; Tian et al., 2021). Chondrite-normalized
patterns of other trace elements and some elemental ratios such
as K/U, W/U, Mo/Nd, Nb/Ta, and Zr/Hf that show the highly consis-
tent compatibility during magmatic process also provide impor-
tant roles in understanding the origin of lunar basalts (Albarede
et al., 2015; Münker, 2010; Newsom, 1986; Warren, 1989). A com-
prehensive bulk chemical composition of the returned CE-5 soils is
thus indispensable for understanding the relevant magmatic and
thermal evolution of the Moon.

Inductively coupled plasma mass spectrometry (ICP-MS) has
been widely used for routine determination of concentrations
of many elements in geological samples owing to its excellent
detection limit and sensitivity, low sample consumption, and
simple preparation procedure (e.g., Ammann, 2007; Longerich
et al., 1990). Importantly, with a suitable analytical strategy, this
technique can yield accurate concentrations of major and trace
elements determined simultaneously from the same sample ali-
quot. In this study, 48 major and trace elements of two batches
of the scooped CE-5 lunar soils (CE5C0400 and CE5C0600) were
determined by ICP-MS for seven replicates at a few-milligram
level. Sample homogeneity and effects of exotic addition by
impact ejecta and meteorites are evaluated. We further compare
the CE-5 chemical compositions with compositions determined
by remote sensing methods and with lunar samples returned
by the Apollo and Luna missions. Based on the new bulk
compositions, we also propose the KREEP-bearing,
clinopyroxene-rich mantle origin of the CE-5 basalts which
resulted in low melting liquidus and KREEP-like trace element
compositions.
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2. Materials and methods

2.1. Major and trace elemental analyses of the CE-5 soils by ICP-MS

Two batches (200 mg CE5C0400 and 400 mg CE5C0600) of the
scooped CE-5 lunar soils that were not sieved during sampling and
preparation, were obtained from the China National Space Admin-
istration Agency. Their bulk chemical compositions were analyzed
in this study at the State Key Laboratory of Geological Processes
and Mineral Resources, China University of Geosciences, Wuhan
(GPMR-Wuhan). To evaluate sample heterogeneity, these two
batches of the CE-5 lunar soils were digested by seven replicates
in three times with minimal sample consumption (�2
or � 4 mg). A lunar soil simulant CUG-1B, basaltic reference mate-
rials BCR-2 and BHVO-2, and a lunar meteorite NWA 6950 were
manually processed to be smaller particle sizes and used as moni-
tor standards, and they were prepared and analyzed with the CE-5
lunar soil via the same procedure.

Commercially available nitric acid (68% v/v, GR grade) and
hydrofluoric acid (40% v/v, GR grade) were distilled twice in a
DST-1000 acid purification system (Savillex, USA) and then used
in the sample digestion process. Ultra-pure water (18.2 MX
cm�1) acquired from a Milli-Q water purification system (Milli-
pore, Bedford, MA, USA) was used in all procedures. Standard solu-
tions (1, 10, 25 and 50 ng ml�1 for trace elements and 10, 100, 500,
1000 ng ml�1 for major elements) used for instrumental calibration
curveswere prepared by gravimetric serial dilution from10lgml�1

multi-element standard solutions (SPEX CertiPrep, NJ, USA) using
2% v/v HNO3 and 0.05% v/v HF solution. The quality control (QC)
solution is a mixture solution of three digested international geo-
logical standards of BCR-2, BHVO-2, and RGM-2 with a fixed pro-
portion of 4:3:3 and was used for time-drift correction and long-
term quality control. The internal standard solution of indium
was diluted from a 1000 lg ml�1 single-element standard solution
(National Center for Analysis and Testing of Steel Materials, Beijing,
China). All acid and solutions were transferred and stored in clean
Teflon containers to avoid potential contaminations.

The sample digestion and measurement procedures have been
described before by Li et al. (2021a). In this study, small volume
(5 ml) Teflon bombs were customized to obtain a better digestion
effect for minimal sample weight. The detailed sample digestion
procedures were optimized as follows. (1) All samples were
weighed and placed into the Teflon bombs and dissolved by 1 ml
concentrated HF-HNO3 mixture (1:1). (2) The bomb was inserted
in a special stainless-steel container tightly, then this set was
sealed and heated at 190 �C in an electric oven for 48 h. (3) After
cooling, the bomb was opened and placed on a hotplate at
120 �C and evaporated to dryness. (4) Then 0.5 ml HNO3 was added
and the sample was evaporated to a second-round dryness. (5)
0.5 ml HNO3, 0.5 ml ultra-pure water, and a suitable amount of
indium solution were added and the residue was re-dissolved.
(6) The bomb was assembled and heated at 190 �C in an electric
oven for 12 h. (7) After cooling, the sample solution was further
evaporated at 120 �C to dryness, then 2% v/v HNO3 solution was
used to dilute the digested samples by a factor of 1000 for ICP-
MS measurement.

An Agilent 7700x ICP-MS (Agilent Technologies) was used for all
major and trace element measurements. The instrumental param-
eters were optimized to acquire appropriate signal intensities and
stabilities of 7Li, 89Y, and 205Tl. CeO+/Ce+ and Ce2+/Ce+ ratios were
monitored and optimized to keep oxide and double-charged ion
productions lower than 0.5% and 1.5%, respectively. The back-
ground of the instrument was checked after each sample determi-
nation. The detailed operating conditions and acquisition
parameters of ICP-MS are summarized in Table S1.
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Elemental concentrations were calculated through a combina-
tion of single internal standardization (In) and multiple external
standard calibration methods (Li et al., 2021a). The initial concen-
trations were calculated online according to the standard calibra-
tion curves of the instrument. The correlation coefficient of the
standard calibration curve for each element was better than
0.9998. A software ICPMSDataCal (Liu et al., 2010; Zhao et al.,
2019) was further used for off-line multiple external standard cal-
ibration, oxide interference, and time drift corrections to obtain the
final elemental concentrations. The oxide interference correction of
Sc and REE followed the routine method of Zhao et al. (2019).

Importantly, lunar basaltic samples are characterized by higher
Ti concentrations than terrestrial basalts, which would cause
strong oxide interference on Cu. A single-element standard solu-
tion of Ti was thus prepared to measure the oxide production rate
of Ti and then used to conduct the oxide interference correction on
Cu. Although Ti-Ar polyatomic ion has potential interference on Zr,
the production rate of the interference 50Ti40Ar for our instrument
is very low (0.002%), which indicates negligible Ti-Ar interference
on Zr. Lead is a volatile element that was almost completely lost
during the early accretion and formation of the Moon. The process
led to very low common 204Pb and high radiogenic 206Pb, 207Pb, and
208Pb in lunar samples. Therefore, 206Pb, 207Pb, and 208Pb were
determined together to recalculate the total Pb concentration of
lunar samples. Due to the loss of Si during the sample digestion
process and the anhydrous feature of the lunar sample, SiO2 con-
centration was obtained by subtraction of other major elements
from 100 wt%. The results of monitor standards of BHVO-2, BCR-
2, CUG-1B, and NWA 6950 are listed in Table S2 and Figure S1.
They show the relative errors better than 5% and 10% for most
major and trace elements, respectively, except for Mo and W with
high uncertainty (20–40%) due to low concentrations.
2.2. Major elemental analysis and image of metals in the CE-5
agglutinates

The back-scattered electronic (BSE) image of the CE-5 aggluti-
nates was obtained by scanning electron microscopes (FE-SEM,
FEI Quanta 200) equipped with energy dispersive spectrometers
(EDS) at the GPMR-Wuhan. Major elemental compositions of met-
als in the CE-5 agglutinates were determined using a JEOL JXA-
8230 electron microprobe analyzer (EPMA) at the GPMR-Wuhan.
Minerals were analyzed using 15 kV accelerating voltage and a
20 nA focused beam (1 lm diameter). Natural mineral and glass
standards were used with ZAF matrix correction.
3. Results

The concentrations of two batches of the CE-5 lunar soils
(CE5C0400 and CE5C0600), including seven replicates and their
weighted mean, are listed in Table 1 and shown in Fig. 1. Major
and trace elemental compositions of seven replicates are consis-
tent with each other within 10% relative standard deviations
(RSDs), except for a few elements that mostly show low concentra-
tions (e.g., Mo andW) and one replicate with high Ni concentration
(Fig. 1a). However, we note a small systematic analytical error in
these data and if all the data are normalized to a constant FeO con-
centration, the RSDs are almost smaller than 5% (Fig. 1b). There-
fore, the CE-5 lunar soil is uniform at the milligram level and
consequently, the weighted mean values based on the consumed
18.21 mg materials of the present study likely represent the bulk
chemical composition of the CE-5 lunar soil, scooped at the landing
site. Most trace elemental concentrations of the CE-5 soils obtained
by ICP-MS in this study agree with the INAA results reported by Li
et al. (2022) and Yao et al. (2022), except for Rb, Cs, Tm, and W
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with low concentrations (Fig. 1). Importantly, major and trace ele-
mental concentrations (except for Ni) of the CE-5 lunar soils are
consistent in the uncertainty with the measured results of basaltic
glasses (He et al., 2022) and reconstructed results of basaltic frag-
ments (Che et al., 2021; He et al., 2022; Tian et al., 2021) (Figs. 2
and 3). Overall, the CE-5 lunar soils, the same as the underlying
mare basalts, are characterized by intermediate TiO2 (5.12 wt%),
high FeO (22.7 wt%) and Th (5.14 lg/g), and low MgO (6.52 wt%)
and Mg# (34), which are different from the Apollo and Luna soils
and basalts (Table 1 and Figs. 2 and 4). However, the concentration
of Ni (139 lg/g) in the CE-5 soils is obviously high for a lunar basalt
or meteorite at the same Mg# (Fig. 5a) and basaltic fragments
(34 ± 48 lg/g) of the CE-5 (He et al., 2022). Numerous small and
round Fe-Ni metal alloys were found in the agglutinates from the
CE-5 soils (Fig. 5b), which are characterized by the high Ni (5.3–
6.26 wt%) and Co (0.43–0.51 wt%) concentrations and the high
Ni/Co ratios of 11.2–14.6 (Table S3).

Both the CE-5 soils and basalts show the same CI-chondrite nor-
malized REE and multiple-element patterns (Fig. 6a, b), which are
different from the Apollo low-Ti and high-Ti basalts, especially in
the low-Ti basalt normalized multiple-element patterns (Fig. 6c).
Europium is depleted in the CI-chondrite normalized REE pattern
with Eu/Eu* and La/Sm values of 0.46 and 2.1, respectively (Table 1
and Fig. 6a). Incompatible lithophile elements of Ba, Rb, Th, REE,
Nb, Ta, Zr, and Hf have very high concentrations in the CE-5
basalts/soils relative to the Apollo high-Ti and low-Ti basalts, and
they show negative anomalies of Cs, Rb, K, Sr, P, and Eu in the
CI-chondrite normalized multiple-element pattern (Fig. 6b). The
CE-5 basalts/soils show K/U, Rb/Ba, W/U, and Mo/Nd ratios of
1276, 0.013, 0.37, and 0.00055, respectively, which is comparable
with other mare basalts (Fig. 7). The Nb/Ta and Zr/Hf ratios of
the CE-5 basalts/soils are 19.5 and 38.9, respectively, which is sim-
ilar to the KREEP-related samples but different from the Apollo
low-Ti and high-Ti basalts (Fig. 8).
4. Discussion

4.1. Homogeneity of the CE-5 lunar soil and ground-truth calibration
of remote spectroscopic data

Our result demonstrates that the chemical composition (except
for Ni) of the CE-5 lunar soil is remarkably uniform even at 2 mg
level (Fig. 1). Overall, the new values overlap the most measure-
ments by Li et al. (2022) and Yao et al. (2022) via different analyt-
ical techniques (XRF and INAA) and for � 200 mg of other sample
batch, except for low-concentration Na and P using XRF and Rb, Cs,
Tm, and W using INAA (Fig. 1). Geological and other reference
materials such as NWA 6950, CUG-1B, BCR-2, and BHVO-2 also
show identical compositions at 2 or 4 mg levels (Table S2 and
Fig. S1) because their particle size distributions display a range
similar to that of the CE-5 soil (mostly several lm, Fig. S2). Li
et al. (2022) examined 155 mg scooped CE-5 soil for its particle
size distribution and indicated that up to 95 % of the particle sizes
are <10 lm, which is the same as our results obtained by a Raman-
based particle analysis system (Cao et al., 2022) (Fig. S2a). More-
over, 95% of the CE-5 soil by mass is distributed in the size of
4.84–432.3 lm (Li et al. 2022). The composition homogeneity of
the CE-5 lunar soil thus can be ascribed to the very fine particle
sizes, indicating high soil maturity (McKay et al., 1974).

Given the homogeneity, the bulk-rock chemical compositions
are therefore suitable for ground-truth calibration of remote spec-
troscopic data. Remote spectroscopic investigations have been
widely applied for global maps of compositional distribution
(e.g., Lawrence et al., 1998; Prettyman et al., 2006). Concentrations
of TiO2, Th, K, and FeO are particularly interesting, e.g., TiO2 is used



Table 1
Major and trace element concentrations of two batches of the scooped Chang’E-5 soils.

Elements unit CE5C0400 batch CE5C0600 batch Weighted
Mean

1SD

2.05 mg 2.04 mg 1.98 mg 4.13 mg 2.00 mg 2.03 mg 3.98 mg

SiO2* wt.% 43.25 40.85 38.43 40.70 42.08 42.03 41.61 41.25 1.52
MgO wt.% 6.31 6.53 7.07 6.59 6.50 6.71 6.18 6.52 0.29
Al2O3 wt.% 11.19 11.70 11.86 11.62 11.61 11.35 11.49 11.55 0.22
CaO wt.% 11.08 11.86 11.96 11.49 11.66 11.49 11.86 11.64 0.30
TiO2 wt.% 5.11 5.30 5.08 5.17 4.86 5.26 5.09 5.12 0.14
FeO wt.% 21.9 22.5 24.3 23.2 22.1 22.0 22.6 22.7 0.9
Na2O wt.% 0.45 0.46 0.47 0.46 0.46 0.47 0.46 0.46 0.01
Na lg/g 3346 3402 3518 3406 3432 3455 3410 3421 53
K2O wt.% 0.20 0.21 0.22 0.22 0.19 0.20 0.20 0.21 0.01
K lg/g 1656 1736 1791 1866 1617 1688 1665 1728 87
MnO wt.% 0.27 0.28 0.30 0.28 0.27 0.27 0.28 0.28 0.01
Mn lg/g 2077 2205 2297 2183 2071 2074 2149 2154 85
P2O5 wt.% 0.26 0.28 0.30 0.29 0.25 0.25 0.26 0.27 0.02
P lg/g 1121 1224 1296 1256 1086 1082 1154 1181 85
Li lg/g 14.8 15.6 15.7 16.2 14.5 15.5 14.9 15.4 0.6
Be lg/g 2.76 2.82 3.00 2.95 2.67 2.78 2.82 2.84 0.11
Sc lg/g 60.3 65.3 64.6 62.6 60.9 62.3 63.9 62.9 1.8
V lg/g 82.6 93.3 94.1 88.7 95.4 95.2 97.2 92.5 5.1
Cr lg/g 1367 1401 1570 1378 1593 1422 1513 1459 94
Co lg/g 37.2 36.1 38.3 37.2 36.4 37.1 37.8 37.2 0.8
Ni lg/g 167 130 141 135 142 135 131 139 13
Cu lg/g 12.2 12.4 13.0 13.5 10.9 10.7 11.7 12.2 1.1
Zn lg/g 14.2 14.0 13.6 14.5 14.7 13.7 14.1 14.2 0.4
Ga lg/g 5.45 5.79 5.83 5.76 5.74 5.64 6.09 5.79 0.19
Rb lg/g 4.87 5.08 5.35 5.75 4.98 5.04 5.10 5.23 0.30
Sr lg/g 305 323 322 310 314 299 318 313 9
Y lg/g 107 116 123 122 109 114 116 116 6
Zr lg/g 514 542 574 567 511 523 554 545 25
Nb lg/g 34.2 35.6 36.9 38.0 32.4 33.8 35.7 35.6 1.9
Mo# lg/g 0.031 0.031 0.029 0.026 0.035 0.041 0.038 0.033 0.005
Cs lg/g 0.21 0.22 0.23 0.22 0.20 0.20 0.21 0.22 0.01
Ba lg/g 364 399 409 424 369 369 399 395 23
La lg/g 33.2 36.5 38.2 36.6 33.0 33.7 35.2 35.4 2.0
Ce lg/g 92.6 100 106 103 91.3 93.8 98.8 98.6 5.5
Pr lg/g 11.8 13.0 13.8 13.2 11.7 12.1 12.6 12.7 0.8
Nd lg/g 56.2 61.3 64.1 61.9 54.9 56.0 58.9 59.3 3.5
Sm lg/g 15.8 17.1 18.1 17.6 15.8 16.5 17.3 17.0 0.9
Eu lg/g 2.65 2.84 2.84 2.82 2.72 2.61 2.82 2.77 0.10
Gd lg/g 18.3 19.9 20.9 20.2 18.1 19.0 19.7 19.6 1.0
Tb lg/g 3.04 3.30 3.49 3.42 3.03 3.17 3.30 3.27 0.18
Dy lg/g 19.1 20.8 21.9 21.4 18.9 20.0 20.5 20.5 1.1
Ho lg/g 3.83 4.14 4.37 4.30 3.78 3.91 4.01 4.07 0.23
Er lg/g 10.6 11.6 12.0 11.9 10.6 11.0 11.1 11.3 0.6
Tm lg/g 1.46 1.58 1.73 1.61 1.46 1.52 1.58 1.57 0.09
Yb lg/g 9.39 9.95 10.3 10.2 9.34 9.76 10.0 9.90 0.38
Lu lg/g 1.28 1.38 1.44 1.43 1.25 1.33 1.35 1.36 0.07
Hf lg/g 13.8 14.5 14.0 15.0 12.6 13.0 14.0 14.0 0.8
Ta lg/g 1.81 1.84 1.88 1.85 1.68 1.80 1.85 1.83 0.07
W# lg/g 0.47 0.47 0.57 0.41 0.54 0.61 0.51 0.50 0.07
Pb$ lg/g 1.93 1.97 1.97 1.89 1.96 1.69 1.84 1.89 0.10
Th lg/g 4.81 5.14 5.51 5.40 4.77 4.99 5.11 5.14 0.28
U lg/g 1.27 1.39 1.42 1.44 1.22 1.32 1.35 1.35 0.08

* SiO2 content was calculated by subtraction of other major elements from 100 wt%.
# High uncertainty (20–40%) due to low concentrations.
$ 206Pb, 207Pb, and 208Pb were determined together to recalculate the total Pb content of lunar samples.
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for classifying lunar basalts (Neal and Taylor, 1992) and Th-K for
identifying the distribution of the KREEP component and heat-
producing elements (Laneuville et al., 2018). Fu et al. (2021) and
Qian et al. (2021a) predicted the mean FeO concentration in the
CE-5 landing region to be between 19.2 wt% and 17 wt%, respec-
tively, both of which are lower than our new value (FeO = 22.7 wt
%, Fig. 4 and Table 1). In contrast, the Th concentration (5.14 lg/g)
in the CE-5 lunar soil determined in the laboratory is about 20%
lower than the value of 6.2 lg/g predicted by Fu et al. (2021) from
remote sensing data (Fig. 4). Moreover, our TiO2 result (5.12 wt%) is
also at the lower end-member of the range of 5–8 wt% predicted
from remote sensing data (Qian et al., 2021a; Qian et al., 2021b).
The remote sensing data show a unimodal distribution of TiO2 con-
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centrations most frequently in the Oceanus Procellarum region
(Qian et al., 2021a). They are very different from returned Apollo
and Luna basalt samples and lunar meteorites which display bimo-
dal distributions of low-Ti and high-Ti basalts and rarely interme-
diate TiO2 concentrations (Giguere et al., 2000; Gillis et al., 2003).
In summary, FeO concentration in the CE-5 lunar soil determined
in the laboratory is higher by 20–30%, compared to remote spectro-
scopic results, whereas Th and Ti concentrations are systematically
lower by < 20%. Generally, our data matches well with the remote
sensing data. For the Em4/P58 unit, there are some internal com-
position variations captured by the Clementine TiO2 and FeO data,
mostly related to the impact rays (Qian et al., 2021b). There may
also be some variations that cannot be captured by the remote



Fig. 1. (a) Relative standard deviations (RSD) of 48 major and trace elements from seven replicates analyzed by ICP-MS of two batches (CE5C0400 and CE5C0600) of the
scooped CE-5 soils at� 2mg and � 4mg consumptions. (b) All the data are normalized to a constant FeO concentration given a small systematic analytical error in Fig. 1a. The
result shows that the CE-5 soils are remarkably uniform at milligram levels, except for Mo and Wwith low concentrations and one replicate with high Ni content. The results
from 30 mg by XRF (Li et al., 2022) and 166.1 mg by INAA (Yao et al., 2022) are shown for comparison.
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sensing in their resolution (�300 m/pixel) that are deduced by
local small impacts. For the Th data, its resolution is very low
(0.5�/pixel) and such a signature is a mixture of a large area (Fu
et al., 2021). Our data can represent the landing site but not the
entire Em4/P58 unit. In addition, the detection depth of the remote
sensing technique is usually < 1 lm, which is more easily accumu-
lated lunar dust from other units. But the CE-5 scooped samples
are obtained from a depth of � 3 cm, which may represent the
CE-5 basalts much well than the remote sensing data. Although
the specific origin of these discrepancies remains to be evaluated,
our results confirm the presence of intermediate-Ti, high-FeO,
and high-Th basalts in the Em4/P58 region and thus support its
wide distribution in the Procellarum-KREEP Terrain as indicated
by remote sensing data (Giguere et al., 2000; Gillis et al., 2003;
Jolliff et al., 2000).

4.2. Effects of exotic impact ejecta and meteoritic materials

The mixture of local and distant ejecta materials, as well as
meteoritic materials, are very common in lunar surface samples,
e.g., they are always found in the Apollo soils (e.g., Korotev and
Gillis, 2001; Korotev et al., 2011; McKenzie and O’nions, 1991).
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Previous remote sensing investigations inferred that the CE-5 land-
ing region was contaminated by ejected materials from impact cra-
ters but different studies suggest variable proportions of exotic,
non-mare components from < 10 % to up to 40% (e.g., Fu et al.,
2021; Liu et al., 2021; Qian et al., 2021a; Xie et al., 2020). Impor-
tantly, the major and trace elemental concentrations (except for
Ni) in soil samples measured in this study overlap compositions
of the basaltic glasses and estimates based on mineral modal abun-
dances of the basaltic fragments that show no obvious shock
effects (CE5-B1 in Che et al., 2021; He et al., 2022; Tian et al.,
2021) (Figs. 2 and 3). For example, our lunar soil and basaltic frag-
ments consistently display high FeO concentrations of 22.15–
22.7 wt%. Moreover, trace elemental concentrations (except for
Ni) also match each other within analytical uncertainty (Fig. 3b).
Such consistency between the CE-5 fine soils (95% of the soil by
mass is distributed in the size of 4.84–432.3 lm, Li et al., 2022)
and large basaltic fragments (several mm) confirms the limited
contamination with exotic ejected materials from other localities
of the Moon. Otherwise, the previously proposed significant con-
tamination with KREEP-rich or highland plagioclase-rich distal
ejecta (Fu et al., 2021; Liu et al., 2021) would noticeably change
major elements and trace element compositions because such
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materials show very different compositions from the CE-5 basalts
(Figs. 2, 4 and 6). In comparison with CE-5 and Apollo basalts,
the highland anorthosites have the highest Al2O3 and the lowest
FeO contents (Fig. 2b), while KREEP contains the highest Th and
U contents (Figs. 4 and 6). Therefore, we can use major elements
of Al2O3 and FeO and trace elements of Th and U to quantify the
addition of the highland and KREEP materials in the CE-5 soils
(Fig. S3). Our calculated results show that the exotic additions of
the highland and KREEP materials are less than 3% and 5%, respec-
tively (Fig. S3), which would not cause the chemical discrepancy
289
between the CE-5 soils and the underlying basalts in the analytical
uncertainty (Figs. 2, 3 and 6). Furthermore, contamination with
distal ejecta likely would also induce considerable compositional
heterogeneity among soil samples, which is not observed (except
for Ni) (Fig. 1). Thus, the laboratory-based measurements (this
study, Li et al., 2022, and Yao et al., 2022) are consistent with the
prediction that the CE-5 soil predominantly resulted from the local
mare basalts and is essentially free of contamination (<5%) by exo-
tic ejected highland and KREEP materials. This result also recon-
ciles with the data of remote sensing (Qian et al., 2021b).

https://www-curator.jsc.nasa.gov/lunar/lsc/index.cfm
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Fig. 4. FeO and Th concentrations of the CE-5 soils. The predicted (Fu et al., 2021)
and measured (Li et al., 2022) results are shown for comparison. The measured
results (this study and Li et al., 2022) are approximately consistent with the
predicted range by remote sensing data (Fu et al., 2021). The data of lunar low-Ti
(Apollo 12&15), high-Ti (Apollo 11&17), and KREEP basalts (Apollo 14&15),
highland anorthosites (Apollo 16), and Apollo and Luna soils are from The Lunar
Sample Compendium (https://www-curator.jsc.nasa.gov/lunar/lsc/index.cfm).
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Micrometeorite impacts are ubiquitous on the lunar surface and
lead to the strong comminution of local rocks (e.g., Anders et al.,
1973; Head and Wilson, 2020; Fischer-Gödde and Becker, 2012;
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Keays et al., 1970; McKay et al., 1991; Norman et al., 2002;
Wasson et al., 1975). The basalt sampled by the CE-5 soil is a highly
evolved magmatic product as indicated by the low Mg# of 34
(Fig. 2d). Nickel is essentially incorporated into early crystalizing
olivine and pyroxene due to the high partition coefficients of
8.5–47 (Adam and Green, 2006) and its concentration would dra-
matically decrease particularly at advanced stages of fractional
crystallization. Based on available lunar basalt data, the CE-5 basalt
would be expected from its Mg# of 34 to contain about 20–30 lg/g
Ni (Fig. 5a). However, the bulk Ni concentration of the soil from
this study, Li et al. (2022), and Yao et al. (2022) is consistently
around 140 lg/g. The Ni excess of ~ 110–120 lg/g must reflect
the addition of meteoritic materials to the bulk soil. High Ni/Co
ratios (11.2–14.6) of rounded blebs of Fe-Ni metal in the aggluti-
nates is consistent with this interpretation (Day, 2020) (Table S3
and Fig. 5b).

The proportion of meteoritic materials in lunar soil can be esti-
mated by comparing the elevated concentrations of siderophile
elements such as Ni, Ir, and Pt to their concentrations in typical
chondritic materials (Anders et al., 1973; Haskin and Warren,
1991; Keays et al., 1970; McKay et al., 1991; Wasson et al.,
1975). Different groups of chondrites display high Ni concentra-
tions of 1–1.7 wt% (Wasson and Kallemeyn, 1988), indicating about
1 wt% addition of chondrite materials to account for the excess of ~
110–120 lg/g Ni in the CE-5 soils. Moreover, the CE-5 soil has an Ir
concentration of 3.61 ng/g (Yao et al., 2022), which is higher than
that in the lunar mare basalts of 0.001–0.04 ng/g (Day et al., 2007).
Different groups of chondrites show high Ir concentrations of 360–
760 ng/g (Wasson and Kallemeyn, 1988), which also suggests the
addition of 0.5–1 wt% of chondrite materials to the CE-5 soils.
Therefore, we can conclude that about 1 wt% of meteoritic materi-
als were added to the CE-5 lunar soil. The proportion could be less
if iron meteorites were partly involved given their higher Ni and Ir
concentrations (Scott and Wasson, 1975). However, the Apollo
mature soils have about 1.5–2 wt% addition of chondrite mete-
orites (Anders et al., 1973; Ganapathy et al., 1970; Haskin and
Warren, 1991; Keays et al., 1970; Wasson et al., 1975), which is rel-
atively higher than about 1 wt% addition of chondrite meteorites in
the CE-5 soils. If we considered the younger eruption age (2.0 Ga)
of the CE-5 basalts (Che et al., 2021; Li et al., 2021b) than the
Apollo basalts of 3.1–3.9 Ga (Snape et al., 2019), the average mete-
oritic influx rate recorded by the lunar soils seems to be similar for
the Moon after late heavy bombardment event (3.9 Ga) (Bottke and
Norman, 2017). However, based on the data on chondrites
(Wasson and Kallemeyn, 1988), mass balance calculation suggests
that such addition would not noticeably elevate the concentrations
of Fe, Mo, and W, and most other elements in the bulk CE-5 lunar
soil. One replicate of this study shows an elevated Ni concentration
of 167 lg/g (Fig. 1), likely reflecting the heterogeneous distribution
of added meteoritic materials at the milligram sample level.

4.3. KREEP-bearing mantle source of the CE-5 basalts

As discussed above, except for about 1 wt% addition of chon-
dritic meteorites in the CE-5 soils which have elevated some side-
rophile elements such as Ni and Ir, the exotic highland and KREEP
materials can be limited (<5%) and the bulk chemical compositions
of the CE-5 soils in this study (except for Ni) thus represent the
underlying mare basalts in the analytical uncertainty (Figs. 2-3
and 6). Therefore, we can use the major and incompatible litho-
phile trace elemental compositions of the CE-5 soils to constrain
the mantle source of the CE-5 landing site basalts as below.

The TiO2, Al2O3, and K concentrations are fundamental for clas-
sifying lunar basalts (Neal and Taylor, 1992). The CE-5 lunar basalt
compositions indicate low-intermediate Ti (<6 wt% TiO2), high-Al
(>11 wt% Al2O3), and low-K (<2000 lg/g) basaltic compositions

https://www-curator.jsc.nasa.gov/lunar/lsc/index.cfm


Fig. 5. (a) Covariation of Mg# with Ni concentrations of the CE-5 soils. The elevation of measured Ni concentration relative to Mg# reflects the addition of meteoritic
materials. (b) Occurrence of numerous small and round Fe-Ni metal alloys with the high Ni/Cr ratios (11.2–14.6) in an agglutinate from the CE-5 soils. The data of Apollo
basalts and lunar meteorites are from The Lunar Sample Compendium (https://www-curator.jsc.nasa.gov/lunar/lsc/index.cfm). The data of terrestrial mid-ocean ridge basalts
(MORB) are from Gale et al. (2013).
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(Fig. 2). Characteristic, and very different from most mare basalts
are the high FeO (22.7 wt%), low MgO (6.52 wt%) concentrations,
and low Mg# of 34 (Fig. 2). Such a feature could result from a high
degree fractional crystallization. The negative anomalies of Sr and
Eu in lunar basalts reflect the effect of the early-stage formation of
plagioclase-rich lunar crust from the lunar magma ocean (e.g.,
Elkins-Tanton et al., 2011; Shearer and Papike, 1999; Warren,
1985). The K/U and Rb/Ba ratios of the CE-5 basalts are within
the range of ratios shown by other lunar basalts (Fig. 7a-b). A sim-
ilar observation can be made for siderophile incompatible trace
elements such as W and Mo because the W/U and Mo/Nd ratios
in the CE-5 basalts are very low and at a level similar to other lunar
basalts (Fig. 7c-d). Consequently, in the first order, the depletion of
volatile and siderophile elements in all lunar basalts of different
ages and locations (Apollo, Luna, and CE missions) reflects that
all lunar mantle sources sampled so far record the effects of lunar
core formation (as indicated by low concentrations of Mo and W
and low Mo/Nd and W/U) and large-scale volatilization (low K/U
and Rb/Ba of the lunar mantle) associated with the lunar magma
ocean or lunar formation (Albarede et al., 2015; Newsom, 1986).

The CE-5 lunar basalt was collected from the Procellarum-
KREEP Terrane and the concentrations of incompatible lithophile
trace elements (e.g., Ba, Rb, Th, U, Nb, Ta, Zr, Hf, and REE) are high
and only lower than that of high-K KREEP by a factor of around 3,
suggesting a KREEP-like signature of the CE-5 basalt (Fig. 6c),
which is also observed in the study of Tian et al. (2021) based on
the reconstructed REE patterns.

The CE-5 basalt formed from high degree fractionation of a low-
Ti primary basaltic magma (e.g., He et al 2022; Tian et al 2021;
Zhang et al 2022). To better resolve the chemical differences
between lunar basalts and their sources, we normalize the Apollo
high-Ti basalt and high-K KREEP and the CE-5 basalt to the Apollo
low-Ti basalt which eliminates some effects of differentiation of
the lunar magma ocean (Fig. 6c). The CE-5 basalt shows a pattern
of incompatible lithophile trace elements similar to high-K KREEP,
with the typical depletion of K, Nb, Ta, Sr, P, Eu, and Ti relative to
neighboring elements and a factor of 3 lower concentrations only.
Moreover, the Nb/Ta and Zr/Hf ratios of the CE-5 basalts are similar
to the KREEP-related samples but higher than low-Ti and high-Ti
basalts (Fig. 8).

Based on Sr-Nd isotopic compositions, Tian et al. (2021) suggest
that the CE-5 basalts were derived from a non-KREEP mantle
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source and the KREEP-like signature resulted from low-degree par-
tial melting followed by very high-degree fractional crystallization.
Such a model was mainly suggested to explain the pattern and
high concentrations of REE. However, our new bulk-rock data
include a wider range of trace elements and are difficult to recon-
cile with the melting and fractionation model proposed by Tian
et al. (2021). For example, given the rather low partition coeffi-
cients (0.0001–0.065) (Adam and Green, 2006; Bonechi et al.,
2021; Dygert et al., 2020; Klemme et al., 2006; McKenzie and
O’nions, 1991), the highly incompatible elements K, Th, U, Nb,
and Ta are hardly incorporated into the typical phases such as oli-
vine, orthopyroxene, and clinopyroxene. Therefore, partial melting
and crystallization would mainly elevate their concentrations but
not change the patterns or ratios of these elements. Fig. 6c shows
specific fractionations of Ti, Nb, and Ta relative to Th, U, and the
LREE that are ‘‘endemic” to the KREEP component in the Moon.
The Nb/Ta ratio in the CE-5 basalts (Fig. 8) is also similar to KREEP
basalts and unlike Nb/Ta in low- and high-Ti mare basalts. These
features cannot be explained by the magmatic differentiation of
common silicate minerals. According to our model presented in
Fig. 9, partial melting of a non-KREEP mantle cumulate
(olivine + pyroxene) of lunar magma ocean at low degrees (e.g.,
3%) and the subsequence of fractional crystallization at variable
degrees (20–50%) can significantly increase the concentrations of
incompatible elements but their patterns hardly change and these
processes would not fractionate high-field strength elements from
neighbor elements. Warren and Wasson (1979) have highlighted
the rather similar trace element patterns for all KREEPy samples
from the Apollo landing sites, irrespective of the proportions of
KREEP components. Therefore, we suggest that the KREEP-like
trace element pattern of the CE-5 basalts was inherited from a
KREEP-bearing mantle source. However, the proportion of high-K
KREEP is not >2% (Fig. 9a-b) in the mantle source to reconcile with
the unradiogenic Sr and radiogenic Nd isotope compositions of the
CE-5 basalts as discussed below.

4.4. Clinopyroxene-rich mantle source for the origin of the CE-5 basalts

KREEP-bearing mantle sources are typically characterized by
the evolved Sr-Nd isotopic compositions due to the high Rb/Sr
and low Sm/Nd ratios of the KREEP (Borg et al., 2004; Snyder
et al., 2000). Tian et al. (2021) thus proposed that the low initial 87-

https://www-curator.jsc.nasa.gov/lunar/lsc/index.cfm
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Fig. 6. (a-b) CI-chondrite normalized REE and multiple-element patterns of the CE-
5 soils in this study and comparison with the CE-5 basaltic glasses and fragments
from He et al. (2022). (c) Low-Ti basalt normalized multiple-element patterns of the
CE-5 soils in this study and basaltic glasses and fragments from He et al. (2022).
Note that the high concentrations of incompatible trace elements (e.g., Ba, Th, U, Nb,
Ta, Zr, Hf, and REE) of the CE-5 soils are the same as the results of the CE-5 basaltic
glasses and fragments. The trace element pattern of the CE-5 basalt/soil mimics the
high-K KREEP. The CI-chondrite values are from McDonough and Sun (1995). The
data of lunar low-Ti (Apollo 12&15) and high-Ti (Apollo 11&17) basalts are from
The Lunar Sample Compendium (https://www-curator.jsc.nasa.gov/lunar/lsc/index.
cfm) and only ICP-MS data are used here. The values of the high-K KREEP are from
Warren (1989).
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Sr/86Sr ratios (0.69934–0.69986) and positive eNd(2.0 Ga) values
(7.9–9.3) reflect a non-KREEP mantle source of the CE-5 basalts.
We note that Rb/Sr and Sm/Nd ratios of the mantle sources are
controlled by their mineral assemblages. Beard et al. (1998) have
shown that the systematic Hf-Nd isotopic difference between the
low-Ti and high-Ti basalts is a result of time-integrated differences
in their mantle sources. Many high-Ti and low-Ti basalts display
initial unradiogenic Sr and radiogenic Nd isotopes, and the compo-
sitions reflect variable proportions of olivine, orthopyroxene, and
clinopyroxene in the mantle sources (Snyder et al., 2000). The
CE-5 basalts display no fractionation of medium REE from heavy
REE (Fig. 6a), indicating its origin from garnet-free, shallow magma
ocean cumulates (Neal, 2001; Snyder et al., 1992). Clinopyroxene-
bearing mineral assemblages were proposed to represent the typ-
ical late-stage cumulate during the solidification of the lunar
magma ocean (Elkins-Tanton et al., 2011; Lin et al., 2017; Snyder
et al., 1992). Relative to olivine and orthopyroxene, clinopyroxene
contains more REE and Sr in the mantle and has high DSm/DNd and
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low DRb/DSr values of 1.3–2.1 (Bonechi et al., 2021) and 0.02–0.16
(McKenzie and O’nions, 1991; Vannucci et al., 1998), respectively,
which are complementary to the low Sm/Nd and high Rb/Sr signa-
tures of KREEP.

Numerous experimental and numerical studies have been car-
ried out on the crystallization of the lunar magma ocean (LMO)
(e.g., Elkins-Tanton et al., 2011; Lin et al., 2017, 2020; Rapp and
Draper, 2018; Snyder et al., 1992). They consistently show the pre-
dominant crystallization of olivine and orthopyroxene before the
crystallized percent solid (CPS) at 78% (78 CPS). However, the pro-
portion of clinopyroxene is varied from 17% to 60% after � 80%
solidification of LMO. In our model, we thus follow the proposed
early crystallization sequence of the LMO by Snyder et al. (1992)
and suggest that the LMO firstly experienced 40% and 38% equilib-
rium crystallization of olivine and orthopyroxene at CPS of 40% and
78% (40 CPS and 78 CPS) of LMO, respectively. Then we suggest
that the remaining LMO experienced 8% fractional crystallization
with varied clinopyroxene and olivine proportions, which is com-
posed of plagioclase (50%), olivine (35–0%) + clinopyroxene (0–35
%) + pigeonite (10%) and orthopyroxene (5%) at 86 CPS of LMO.
Because the crystalized plagioclase would float to the LMO surface
and form the initial lunar anorthite crust, the upper mantle cumu-
late of the 86 CPS consists of olivine (70–0%) + clinopyroxene (0–
70%) + pigeonite (20%) + orthopyroxene (10%). In our model, the
total proportions of olivine and clinopyroxene are assumed to be
70% and the proportion of clinopyroxene thus can be adjusted from
0% to 70% to reconcile with 147Sm/144Nd and 87Rb/86Sr ratios in the
KREEP-bearing mantle sources and trace element patterns of the
CE-5 basalt as illustrated in Fig. 9. The details of the modeling
method and results can be found in the Supplementary Material.
Such 86 CPS with a few percent of high-K KREEP is considered as
the mantle source of the CE-5 basalts.

As Fig. 9a-b shows, 0.3%, 0.5%, 1%, and 1.5% high-K KREEP com-
ponents would require 10%, 20%, 40%, and 60% clinopyroxenes in
the 86 CPS (A, B, C, and D cases in Fig. 9a-b), respectively, to pro-
duce the mantle source Sr-Nd isotopic compositions of the CE-5
basalts (147Sm/144Nd = 0.222–0.227 and 87Rb/86Sr = 0.009–0.022)
calculated by Tian et al. (2021). Importantly, partial melting of
such clinopyroxene and KREEP-bearing mantle source (A, B, C,
and D cases in Fig. 9a-b) at low degrees (e.g., 3%) of melting and
subsequent fractional crystallization (e.g., 20–50%) could produce
a melt with the KREEP-like pattern similar to the CE-5 basalts
(Fig. 9c-f, see Supplementary Material for details). In these models,
trace element contents of melts derived from the 86 CPS mantle
source with high proportions of clinopyroxene (40–60%) and
high-K KREEP (1–1.5%) are more consistent with the CE-5 basalts
(Fig. 9e-f) relative to mantle source with low proportions of
clinopyroxene (10–20%) and high-K KREEP (0.3–0.5%) (Fig. 9c-d).
For the mantle source of the CE-5 basalt, a higher proportion of
clinopyroxene is required to balance an increasing amount of
KREEP. However, if the proportion of high-K KREEP exceeds 2% in
the 86 CPS, the required high proportion of clinopyroxene (>70%)
cannot meet 147Sm/144Nd and 87Rb/86Sr ratios for the CE-5 basaltic
mantle source (Fig. 9a, b). A slightly higher l-value (238U/204Pb)
of � 680 in the CE-5 basalt mantle source (Che et al., 2021; Li
et al., 2021b), compared to low-Ti basalts (�410–650) but different
from high-Ti basalts (�360–390) (Snape et al., 2019), is also consis-
tent with the contribution of a small amount (<2%) of KREEP com-
ponent in the origin of the CE-5 basalts (Che et al., 2021).

Therefore, we suggest that the mantle source of the CE-5 basalts
formed from late-stage cumulates of the crystallization of the lunar
magma ocean, which were very likely to be characterized by high
proportions of clinopyroxene (40–60%) cumulates with a small
fraction (1–1.5%) of KREEP-like material. The KREEP-like materials
may be equivalent to the former trapped interstitial liquid in the
lunar upper mantle as suggested before (Snyder et al., 2000;
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Fig. 7. (a) K/U versus K2O, (b) Rb/Ba versus Ba, (c) W/U versus W, and (d) Mo/Nd versus Nd of the CE-5 soils. The depletion extents of volatile (K and Rb) and siderophile (W
and Mo) elements in their mantle sources are comparable for the CE-5 basalts and lunar samples returned by the Apollo and Luna missions. The lunar low-Ti (Apollo 12&15),
high-Ti (Apollo 11&17), and KREEP basalts (Apollo 14&15) are from The Lunar Sample Compendium (https://www-curator.jsc.nasa.gov/lunar/lsc/index.cfm). High-quality Mo
data from Newsom (1986) are highlighted in Fig. 7d. The values of the high-K KREEP are fromWarren (1989). The data of terrestrial mid-ocean ridge basalts (MORB) are from
Gale et al. (2013).
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Snyder et al., 1992). Given the low liquidus temperatures of the
late crystallized phases (Elkins-Tanton et al., 2011; Lin et al.,
2017; Snyder et al., 1992), such a clinopyroxene-rich (relative to
293
olivine and orthopyroxene) shallow mantle source with a slightly
enhanced inventory of radioactive elements could preferentially
melt relative to more incompatible element-depleted deeper lunar
mantle cumulates and thus may potentially explain the prolonged
lunar basaltic magmatism until 2.0 Ga.
5. Conclusions

Concentrations of 48 major and trace elements of two batches
of the Chang’E-5 (CE-5) lunar soils have been simultaneously
obtained by ICP-MS from the same sample aliquots. The soil pre-
dominantly comprises local mare basalts with negligible contami-
nation (<5%) by highland and KREEP materials. About 1% of
meteoritic materials were added via micrometeorite impacts and
occasional agglutinates likely are unevenly distributed in the CE-
5 soils. The CE-5 lunar soil is very fine (95% of the CE-5 soil by mass
is distributed in the size of 4.84–432.3 lm, Li et al., 2022) and pre-
dominantly derived from the local mare basalt, likely leading to its
uniform chemical composition even at the 2 mg sampling level
(except for Ni). Except for some siderophile elements such as Ni
and Ir, the bulk chemical composition of the CE-5 soil mostly rep-
resents the composition of local basalt.

The laboratory-based compositions of the CE-5 lunar soil overall
confirm the TiO2, Th, and FeO concentrations estimated from
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Fig. 9. Modeling results explaining KREEP-like trace elements and Sr-Nd isotopes of the CE-5 basalts. (a-b) Variable proportions of clinopyroxene (0–70%) and high-K KREEP
(0–3%) in the mantle sources are calculated to reconcile with 147Sm/144Nd and 87Rb/86Sr ratios in the mantle sources of the CE-5 basalt. According to the crystallization
sequence of the lunar magma ocean (LMO) proposed by Snyder et al. (1992), we assume the upper mantle cumulate of LMO at a crystallized percent solid (CPS) of 86% (86
CPS) is composed of olivine (Ol), orthopyroxene (Opx), clinopyroxene (Cpx), and pigeonite (Pig). The total weight of Ol and Cpx is fixed as 70% and the rest 30% of minerals are
composed of 20% Pig and 10% Opx in the 86CPS. The proportion of Cpx in the 86 CPS varies from 0% to 70% (a-b). The marked A, B, C, and D in Fig. 9a-b are the cases that show
KREEP (0.3–1.5%)-bearing mantle sources can produce the same 147Sm/144Nd and 87Rb/86Sr ratios as the mantle sources of the CE-5 basalt. The recommended 147Sm/144Nd
and 87Rb/86Sr ranges of the mantle source of the CE-5 basalts are cited from Tian et al. (2021). The values of the high-K KREEP are from Warren (1989). The detailed original
compositions of LMO, partition coefficients of minerals, modeling processes, and calculated results of 86 CPS with variable proportions of Cpx (0–70%) are listed in Tables S4-
S7 and the modeling method in the Supplementary Material. (c-f) The A, B, C, and D cases in Fig. 9a-b are further illustrated to match trace element compositions of the CE-5
basalts. The 3% batch melting of these mixtures, which are composed by 0.3–1.5% high-K KREEP and 86 CPS with 10–60% Cpx, and subsequent 20–50% fractional
crystallization (40% Cpx + 25% Pl + 20% Ol + 10% Pig + 5% Opx) can produce a melt with the KREEP-like pattern similar to the CE-5 basalts. The detailed modeling processes and
calculated results are shown in the modeling method and Table S8, respectively, in the Supplementary Material. The data of lunar low-Ti (Apollo 12&15) basalt are from The
Lunar Sample Compendium (https://www-curator.jsc.nasa.gov/lunar/lsc/index.cfm) and only ICP-MS data are used here.
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remote sensing approaches, supporting the widespread distribu-
tion of intermediate-Ti, high-FeO, and high-Th basalts in the
Procellarum-KREEP Terrain. Chemically, the CE-5 soil is distinct
from basalts and soils returned by the Apollo and Luna missions,
however, the depletion extents of volatile and siderophile ele-
294
ments in their mantle sources inferred from suitable element ratios
such as K/U, Rb/Ba, W/U, and Mo/Nd are comparable. The CE-5
basalt that is represented by the soil belongs to intermediate Ti
and low-K lunar basalt types with notably high FeO concentration
and low Mg# (34). Importantly, the CE-5 basalt displays KREEP-
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rich trace element compositions, e.g., notable enrichment of REE,
Th, and other incompatible elements, and the relative ratios (e.g.,
Nb/Ta and Zr/Hf) of these elements cannot be explained by partial
melting and crystallization of a non-KREEP mantle source. Instead,
the KREEP-like trace element patterns must have resulted from the
KREEP-bearing mantle source of the CE-5 basalts, which is different
from the non-KREEP mantle source model proposed by Tian et al
(2021). Therefore, the CE-5 basalt likely originated from a shallow
mantle source that consists of a high proportion of clinopyroxene
relative to olivine and orthopyroxene with a small fraction (1–
1.5%) of KREEP-like material, which could explain both trace ele-
ment patterns and unradiogenic Sr and radiogenic Nd isotope
compositions.
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