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Abstract The Moon's crust is proposed to be composed of an anorthositic upper crust and a noritic lower
crust. While the upper crust was the result of the floatation of plagioclase crystallized at the late-stage of lunar
magma ocean (LMO), the petrogenesis of the lower crust is in debate. In this study, we found three high-MgO
impact glasses in the Chang'e-6 lunar soil, one being troctolitic (P032) and other two being noritic (P133 and
P138). A combination match suggests P133 and P138 likely originated from the Apollo basin's peak ring,
representing lower crust at Apollo basin. The high Mg# and rare earth element signatures of both glasses support
a petrogenesis involving the assimilation of KREEP-bearing crust by partial melts derived from early mafic
cumulates of the LMO. This study hence indicates that despite the predominant concentration of KREEP
material on the lunar nearside, KREEP components are also locally present on the farside.

Plain Language Summary The Moon's crust is thought to have two main layers: an upper crust made
of light-colored rock, and a deeper, denser lower crust whose origin is still debated. By studying glass debris
formed by meteorite impacts in the soil returned by Chang'e-6 mission from the lunar farside, we have found
new clues about this lower crust. The chemical fingerprints of two specific glasses point to the Apollo basin, a
giant crater, as their source. There, the impact likely excavated material from the deep crust. The composition of
these glasses suggests that the lower crust at Apollo basin formed when magmas from the Moon's interior

incorporated a special type of geochemically enriched material known as KREEP. This is surprising because
KREEP, which contains heat-producing elements, was previously thought to be concentrated almost exclusively
on the lunar nearside. Our discovery shows that KREEP materials, crucial for understanding the Moon's thermal
evolution, are also present in localized areas on the farside, changing our global view of the Moon's formation.

1. Introduction

The lunar magma ocean (LMO) model proposes that the Moon had an anorthositic primary crust, which was
formed by the floatation of plagioclase crystallized at the late-stage of LMO (Warren, 1985). Such primary lunar
crust was subsequently decorated by highland magnesian-suite (Mg-suite, 4.37—4.1 Ga), alkali-suite
(4.37-3.8 Ga), and mare basalts (4.0 Ga—1.0 Ga) globally (Elardo et al., 2023). Thus, the investigation of the
lunar crust is crucial to understand the evolution of LMO and the post-LMO magmatism. Seismic velocity studies
suggested a stratified structure for the lunar crust with a seismic discontinuity at ca. 20-km (Khan et al., 2000;
Wieczorek & Phillips, 1997) separating the anorthositic upper crust and a more mafic lower crust (Lognonné
et al., 2003; Wieczorek & Zuber, 2001). However, how the stratified crust formed is in debate and might include:
cumulate floatation in LMO (Wieczorek & Zuber, 2001) and emplacement of mafic magma beneath anorthositic
crust (Shearer et al., 2015; Walker, 1983). Giant impact craters, penetrating through the crust, may excavate deep
crustal and even mantle materials to lunar surface (Baker & Head, 2015; Klima et al., 2011), which might be
collected by human's lunar exploration missions.

The Chang'e-6 (CE-6) mission landed on the southern mare of the Apollo basin (Figure 1), which is located at the
northeast of the South Pole-Aitken (SPA) basin (Li et al., 2024). The Apollo basin is an ancient (4.16-3.9 Ga;
Chen, Zhang, Cui, et al., 2025; Orgel et al., 2018; Potter et al., 2018) peak ring basin with diameters of 247 and
492 km for the inner and outer rings. It was suggested that the Apollo basin was produced by a 40 km-diameter
meteorite impact into a 2040 km-thick crust with a speed of 15 km/s (Potter et al., 2018). Such an impact
excavated materials down to a depth of ~30 km, and exposed them on the peak ring (Moriarty et al., 2021; Potter
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Figure 1. Apollo basin and the Chang'e 6 landing site (yellow star). The white dashed lines mark the Apollo basin rings. The
basemap is a LROC WAC image.

et al., 2018). The remote sensing data show that the peak ring of the Apollo basin is characterized with strong
absorption features for low-Ca pyroxene, corresponding to a noritic composition (Jia et al., 2024; Qian
et al., 2024). It is possible that after the formation of the ca. 2.8 Ga (Cui et al., 2024) mare basalt where the CE-6
mission landed on, subsequent impacts on Apollo peak ring might deliver these noritic materials to the CE-6
landing site. In this study, we found three olivine-bearing glasses selected from the CE-6 lunar soil. The
elemental composition indicates an impact origin for these glasses, and two of them have noritic compositions and
possibly came from the peak ring of the Apollo basin.

2. Materials and Methods

The olivine-bearing glasses (hereafter, P032, P133, and P138) studied here were selected from CE-6 scooped
samples (CE6C0100YJFMO003, CE6C0400YJFMO00604) allocated by the China National Space Administration
(CNSA). The studied glasses are irregular in shape with a size between 200 and 500 pm (Figure 2). All of them
have elongate, skeletal olivine phenocrysts (length/width >6) with proportions of 3.2%, 6.6% and 2.7% for P032,
P133 and P138, respectively. P032 has two large (~100 pm) round olivine crystals, which are surrounded by
many tiny (<5 pm) olivine crystals. P138 also contains several euhedral-subhedral grain-shaped olivine

Figure 2. Back-scattered electron images of the three high-MgO glasses from CE-6 lunar soil. All three glasses contain
skeletal olivine phenocrysts (green arrows). P032 has two large anhedral olivine and P138 has several euhedral-subhedral
grain-shaped olivine (orange arrow). Mineral abbreviation: Ol, olivine; FeNi, FeNi alloy.
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(10-20 pm in size). The matrix of P133 and P138 are composed of very fine olivine crystals (1-2 pm) and
quenched glass. FeNi alloy occurs in all these glasses.

Back-scattered electron images of the samples were obtained using a Carl Zeiss SUPRAS55 SAPPHIRE field
emission scanning electron microscope equipped with an Oxford Inca250 X-Max20 energy dispersive spec-
troscopy system at Guangzhou Institute of Geochemistry, Chinese Academy of Sciences. The accelerating
voltage was set to 20 kV.

Elemental compositions of the relatively large grain-shaped olivine in P032 and P138 were measured with a
CAMECA SXFive field emission electron probe microanalyzer (EPMA) following the analytical procedural
reported in He et al. (2021). The used operation conditions included: 20 kV accelerating voltage, 100 nA beam
current, and 2 pm beam size. Under such operation conditions, the detection limits for Al, Ni, and P are ~30, 80,
and 60 ppm, respectively. An olivine reference material MongOl was measured with samples to evaluate the
analytical precision. Seven analyses of MongOl during our experiment yielded relative standard deviations
(2RSD) of 0.2%—-0.5% for SiO,, MgO, and FeO, ~5%—-8% for MnO, CaO, and Al,O5, and ~10%-15% for NiO
and P,0s.

As the matrixes of these glasses have crystallized, the major and trace elements of these glasses were measured
with a laser ablation system (Resolution M-50, Resonetics) coupled to a sector field inductively coupled plasma
mass spectrometer (ELEMENT XR, Thermo Fisher; LA-SF-ICP-MS) following the method outlined by L. Zhang
et al. (2019). The laser conditions were as follows: 45 pm beam size, 6 Hz repetition rate and ~4 J cm™ energy
density. Each analysis consisted of 30 s of gas blank data collection with the laser off, and 30 s of sample data
acquisition with the laser on. The oxide molecular yield, indicated by **Th'®0/**?Th, was <0.3%. Signals of the
following masses were detected: 7Li, 23Na, 25Mg, 274l 2°si, 3P, ¥K, 43Ca, g, 49Ti, 33Cr, 3Mn, 57Fe, 3Co,
ONi, ©3Cu, 96Zn, 35Rb, ¥¥Sr, %Y, 2°Zr. %*Nb., **Mo, '33Cs, ¥7Ba, 1°La, '4°Ce, “'Pr, “Nd, "“7Sm, 5'Eu, 57Gd,
1597, 162Dy, 95Ho, 150y, '*Tm, '7*Yb, '*Lu, '7*HF, '®!Ta, 2°°Pb, ***Th, and ***U. A calibration line for each
element was constructed by analyzing two USGS basaltic reference glasses (BHVO-2G, and GSD-1G). The final
content of each element was calibrated by normalizing all the measured metal oxides to 100 wt.%. USGS basaltic
glass BCR-2G was measured as unknown sample to evaluate the data quality. For most measured elements, the
accuracy is better than +8% with an analytical precision of better than 10%.

3. Results
3.1. Olivine Composition

Nine EPMA analyses on seven euhedral-subhedral olivine phenocrysts in P138 show a relatively homogenous
composition with Fo contents (Mg/(Mg + Fe) * 100 in molar) ranging form 90.9 to 93.7, and large variations in
CaO (0.17-0.36 wt.%) and Ni (170-528 ppm, Figures 3a and 3b; Table S1 in Supporting Information S1). Two
big anhedral olivine crystals in PO32 have slightly lower Fo contents (87.9 & 0.8, 2SD) than olivine in P138. Their
CaO (0.048-0.154 wt.%) and Cr,05 (0.012-0.036 wt.%) contents are much lower than in P138 (Figure 3c). On the
Mn versus Fe plot, both PO32 and P138 are located in the lunar olivine field (Figure 3d).

3.2. Glass Composition

All the three glasses show high MgO (15.4-19.2 wt.%) and Al,0O5 (17.5-20.8 wt.%), low FeO (6.26-7.37 wt.%)
and TiO, (0.05-0.22 wt.%), which are significantly different from the mare basalts at the CE-6 landing site (Table
S3 in Supporting Information S1; Figure 4). Mare basalts have much higher FeO and, lower Al,O; and Mg# than
the studied glasses (Figures 4a—4d). Their compositions are also different from lunar picritic volcanic glasses and
dunite, which respectively have much higher FeO and MgO contents. All the three CE-6 high-MgO glasses have
high Mg# (Mg/(Mg + Fe) in molar) and moderate FeO, showing affinity with Mg suite (norite and troctolite).
While P133 and P138 have nearly the same major elemental composition, PO32 has higher Al,O5, and lower SiO,
and TiO,. Since olivine skeleton crystals in P133 and P138 are quite small compared to a 45 pm laser beam size,
the analytical results can represent the bulk compositions of the two clasts. In general, P133 and P138 resemble
noritic compositions (e.g., Apollo sample 78237), which are characterized with high Mg#. P032 contains two
relative large olivine grains and the bulk composition of P032 was estimated by adding olivine composition into
the glass matrix (Table S2 in Supporting Information S1). The proportion of olivine in PO32 was estimated by
their areas. After this calculation, P032 shows a troctolitic composition (e.g., Apollo sample 76536, Table S3 in
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Figure 3. Elemental compositions of olivine from P032 and P138. (a) CaO and MnO versus Fo content plot; (b) Ni versus Fo
content plot; (c) Cr versus Fo content plot, the composition fields of mare basalt and Mg suite are from Shearer et al. (2015);
(d) Mn versus Fe atoms per formula unit, composition field and trends are from Joy et al. (2014).

Supporting Information S1; Figure 4). In the Mg# versus Ca# (Ca/(Ca + Na + K) in molar) plot (Figure 4c), P133
and P138 are in the range of norites and P032 is in the range of troctolite.

P133 and P138 have similar and relatively high rare earth element (REE) contents ca. 20 times of CI chondrite, in
the range of norites (Figure 5). They also show moderate depletion of Eu (Eu/(Sm + Gd)y = 0.65-0.76; the
subscript N indicates that the ratio is normalized to CI chondrite). In contrast, P032 has much lower REE contents
and show a remarkable positive Eu anomaly (Eu/(Sm + Gd), = 3.5), similar to that of typical lunar troctolite.

4. Discussions
4.1. An Impact Origin

Glass is one of the major components in all returned lunar samples and it could be produced by volcanic activity or
impact events (Delano, 1986; McKay et al., 1991). The following lines of evidence suggest an impact origin of the
studied glasses. First, compared to typical volcanic glass returned by Apollo missions, the three studied glasses
have much higher Al,O; and lower FeO, showing strong affinity with highland impact glass (Figure 6). Second,
these glasses have higher Ni and Ni/Co than pristine highland rocks (Figure 7), indicating the addition of me-
teoritic materials during impact, as many meteorites have high Fe and Ni contents. Third, an impact origin is
further supported by the presence of FeNi alloys in these glasses (Figure 2).

4.2. Precursor Rocks of the Glasses

Although the CE-6 mission landed on a mare region in the southern Apollo basin, besides mare basaltic clasts, the
CE-6 lunar soil contains abundant non-mare materials (Chen, Zhang, Chen, et al., 2025; Chen, Zhang, Cui,
etal., 2025; Li et al., 2024; Su et al., 2025), which are exotic ejecta transferred by remote meteoritic impact (Guo
etal., 2024; Jia et al., 2024; Qian et al., 2024). Because these CE-6 high-MgO glasses are impact-derived and lack
the petrological textures of their precursor rocks, their elemental compositions are used to investigate their
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4 This study origins. Olivines in these glasses are extremely fine-grained and exhibit
® P032 ® P133 8" Mo skeletal, needle-like morphologies (Figure 2), indicative of very rapid cooling
O P138 from a highly superheated melt. Such conditions favor near-complete melting
3 || Literature . of the precursor. Thus, these impact glasses are compositional representatives
O CE-5impact glass of their precursor rocks. As P032, P133, and P138 have quite different
S A\ CE-6impact glass chemical compositions from CE-6 mare basalt, all three glasses thus are
4—? é ﬁpollo yolcamc glass exotic materials. As mentioned above, the major and trace element compo-
< polloimpact glass o o o
o sitions indicate P032 has a troctolitic precursor, and P133 and P138 may share
ECD o 0 a common noritic precursor (Table S3 in Supporting Information S1). The
_______________ Volcanic glass | possible origins of these impact glasses were searched by comparing their
1 'il—riwi%glstngdlass © o Mare impact glass chemical compositions (FeO, TiO, and Th contents) and their precursors'
° o lithologies of potential source craters (Figures S1 and S2 in Supporting In-
o formation S1), on the basis of FeO and TiO, abundances of Clementine
0 o 8% (Lucey et al., 2000) and Th abundance of Lunar Prospector (Prettyman
0.0 0.5 1.0 15 2.0 et al., 2006). For P032, the TiO,, FeO, and Th abundances are set between
CaO0/Al;03 0 and 0.5 wt.%, 4.3-8.3 wt.%, and 0—1 ppm, respectively; For P133 and P138,

Figure 6. MgO/Al,O; versus CaO/Al,O; plot of lunar glass. The horizontal
and vertical dashed lines mark MgO/Al,O5 = 1.25 and CaO/Al,O; = 0.75,
respectively (Zeigler et al., 2006). Note that the CE-6 olivine-bearing glasses
plot in the highland impact glass range. Reference data of CE-5 and Apollo
samples is from the compilation of Wang et al. (2024). CE-6 impact glass is

from Chen, Zhang, Chen, et al. (2025).

the TiO,, FeO, and Th abundances are set between 0 and 0.5 wt.%, 5.3-9.3
wt.%, and 0.5-1.5 ppm, respectively, to search for potential source craters for
these impact glasses, all based on their measured compositions. In addition,
the exposures of olivine (Yamamoto et al., 2012), troctolite (Cahill
et al., 2009), and Mg-suite (Prissel et al., 2023) are marked based on previous
orbital spectroscopic results to aid the localization of impact source craters.

As the CE-6 mission landed on a mare basalt unit, the impact craters transferred exotic materials to the landing site
should have formation ages younger than the southern mare basalt in the Apollo basin. Among possible impact
craters, the Chaffee S crater, located on the out edge of the western peak ring of Apollo basin, was suggested to be
the most substantial contributor to CE-6 soil with an ejecta thickness of ~15 cm at the sampling site (Qian
et al., 2024). Other impact craters overlaying on the western peak ring of the Apollo basin are either predating CE-
6 local mare basalts or too far/small to contribute significant amount of ejecta to the CE-6 sampling site (Figure S3
in Supporting Information S1). The peak ring of Apollo basin is characterized with spectral absorption feature of
low-Ca pyroxene and is suggested to have a noritic lithology (Jia et al., 2024; Qian et al., 2024). According to
remote sensing studies of Jia et al. (2024) and Guo et al. (2024), the Apollo basin's peak ring has Mg# as high as
around 0.8 and FeO ~8 wt.%, which are quite similar to the compositions of P133 and P138 (Mg# = 0.8,
FeO = ~7.34 wt.%). Therefore, P133 and P138 are most likely ejecta from the Apollo basin's peak ring transferred
by the Chaffee S crater-formation impact, to CE-6 soil (Qian et al., 2024).
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Figure 7. Ni (a) and Ni/Co (b) versus MgO of the CE-6 high-MgO glass. Data source is the same as that in Figure 4. CE-6 LT,
CE-6 low-Ti basalt; CE-6 VLT, CE-6 very-low-Ti basalt; FAN, ferroan anorthosite; Mg suite, magnesium suite. The CE-6
olivine-bearing glasses have elevated Ni and Ni/Co compared to ferroan anorthosite and Mg suite.
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The chemical composition of P032 and the occurrence of residual olivine indicate a troctolitic precursor.
Although the excavation depth of the SPA basin-formation impact was suggested more than 100 km (Potter
etal., 2012), possibly excavated upper mantle materials, a very limited olivine signal was detected across the SPA
basin (Moriarty et al., 2021; Yamamoto et al., 2012). The remote sensing data also reveal the deficiency of olivine
within and around the Apollo basin (Figure S1 in Supporting Information S1; Jia et al., 2024). It was found that
some parts of the peak ring of Schrodinger basin and the central peaks of Zeeman crater, which lie about 1,300 and
1,000 km south of the CE-6 landing site respectively, are olivine-rich and have a troctolitic lithology (Figure S2 in
Supporting Information S1; Kramer et al., 2013; Yamamoto et al., 2012). However, both the Schrodinger basin
and the Zeeman crater have formation ages older than 3.8 Ga in the Nectarian Period (Orgel et al., 2018;
Shoemaker et al., 1994), much older than the southern mare of the Apollo basin (Cui et al., 2024). No other large
and young crater, which could deliver olivine-rich materials to the CE-6 landing site, was observed in the
Schrodinger basin and the Zeeman crater (Poehler et al., 2021). Therefore, although both craters have olivine-
bearing lithologies, PO32 is unlikely to originate from either of these two craters. Instead, the Lowell crater
(D = 66 km), which is located in the NW quadrant of Orientale basin, has remote-sensing signal of troctolite with
a non-negligible thick ejecta on the CE-6 sampling site (Figure S2 in Supporting Information S1). It was sug-
gested to have a formation age of 374 + 28 Ma (Srivastava & Varatharajan, 2016), younger than the southern
mare of the Apollo basin, and its ejecta thickness is estimated to 1.8 cm at CE-6 landing site based on the ejecta
thickness model of (Sharpton, 2014). Thus, P032 was possibly ejected from the Lowell crater.

4.3. Implication for the Composition of the Lower Crust Under Apollo Basin

While the impact glasses P133 and P138 have olivine phenocrysts, remote-sensing data indicate the peak ring of
Apollo basin lacks olivine (Figure S3 in Supporting Information S1; Jia et al., 2024; Qian et al., 2024). The glass
matrix and the skeleton shape of the olivine phenocrysts (Figure 2) indicate P133 and P138 were quenched soon
on lunar surface. It is normally suggested that peak rings represent the deepest materials excavated by an impact
basin event that likely reach deep crust (Potter et al., 2018), and high pressure contracts the stability field of
olivine while expanding that of pyroxene (Morse, 1980). We thus calculated the phase assemblage of P133 and
P138 under different pressure using the petrological modeling program MELTSs (Asimow & Ghiorso, 1998) with
a fO, of IW-1 in a dry system. As P133 and P138 have quite similar chemical composition, we only used the
composition of P138 in calculation. Before the calculation, the influence of any meteoritic component on the
elemental composition of P138 must be evaluated. P138 has a Ni content of 90.4 ppm, whereas pristine lunar Mg-
suite rocks typically contain less than 50 ppm Ni (Edmunson et al., 2009; Rhodes et al., 1974). Assuming Ni
contents of 1.0-6.6 wt.% for meteoritic materials (Tagle & Berlin, 2008), the estimated meteoritic contribution to
P138 is only about 0.1%—0.9%. Such a low contribution has a negligible effect on the modeling results. Therefore,
the composition of P138 was used directly in the modeling. The MELTs phase calculation shows that with
increasing pressure from 1 bar to 5 kbar, the proportion of olivine gradually decreases and the proportion of
pyroxene (Opx and Cpx) increases (Figure 8). When the pressure is higher than 3.5 Kbar, the proportion of olivine
will be less than 10%, which may be difficult for remote sensing detection (Cloutis et al., 1986). Such a pressure
roughly corresponds to a 70 km depth, which is consistent with numerical simulation results for a 20 km-thick
crust (Potter et al., 2018), indicating a deep-seated origin for the peak ring of the Apollo basin, composition-
ally recorded in impact glasses P133 and P138.

4.4. Petrogenesis of the Noritic Lower Crust Under the Apollo Basin

Three scenarios are considered for the formation of the noritic lunar crust under the Apollo basin: (a) cumulate
floatation during late-stage of LMO; (b) the intrusion and underplating of mafic magma after the consolidation of
LMO; (c) cumulates of the SPA impact melt sheet. In the first scenario, during the formation of primary lunar
anorthositic crust, floatation of plagioclase crystallized at the late-stage of LMO might bring some co-crystallized
mafic minerals (olivine and pyroxene) and incorporate them into the primary lunar crust (Walker, 1983). As
floatation of plagioclase started after 70%—80% crystallization of LMO, the co-crystallized mafic minerals should
have an evolved composition, (e.g., Mg# < 0.75; Schmidt & Kraettli, 2022), but this is inconsistent with high
magnesian olivine composition in P138 (Fo = 90-94). In the third scenario, the SPA basin-formation impact
induced melting of the target and formed a 50 km-thick impact melt sheet, like a small magma ocean (Hurwitz &
Kring, 2014). The cooling and crystallization of the impact melt sheet produced cumulates with various lithol-
ogies, including norite. However, this scenario suffers from the similar problem as in Scenario 1. The SPA impact
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Figure 8. MELTs modeling mineral assemblage of P138 under different
pressure. Mineral abbreviation: Pl, plagioclase; Cpx, clinopyroxene; Opx,

Pressure (kbar)

high-Al,O; and elevated incompatible trace elements of Mg-suite (Elardo
et al., 2011; Prissel & Gross, 2020; Shearer et al., 2015; Spring et al., 2025).
Here we considered the second scenario that during the late-stage overturn of

P032

LMO cumulates, the early high-MgO cumulate rose and underwent partial
melting, producing picritic melt (Elardo et al., 2011; Shearer et al., 2015). The
picritic melt reached the base of primary lunar crust and assimilated anor-
thosite and urKREEP. A simple mass balance calculation was conducted to
reproduce the major and REEs of P138. To satisfy the high-Mg# feature of
=Pl P138, ~2% partial melt (LPUMi, Mg# = 0.84; Prissel & Gross, 2020) of the

— [ — |B0px
=[e]] assumed lunar primitive upper mantle (LPUM, Mg# = 0.8; Elardo

etal., 2011) was used to represent picritic magma from deep mantle (Table S4
in Supporting Information S1). Apollo 16 anorthosite 60,215 (Rose
et al., 1975), which consists of nearly pure plagioclase with little mafic

0.001

0.5

1.0

1.5

orthpyroxene; Ol, olivine; Sp, spinel.

20 30 40 5.0 minerals (~1 vol.%), and high-K KREEP (Warren, 1989), was selected as a

Pressure (kbar) crustal contaminator. The REEs of LPUMi was calculated with the LMO

model of Snyder et al. (1992), assuming the first 40% cumulates (olivine) of
LMO as the mantle source. Since no REE data is available for 60,215, the
REE data of 60,025 was instead used. In our modeling, before assimilating
lunar crust, LUPMi experienced ~26% fractional crystallization of olivine.
However, as shown in Figure 9a, the evolved mantle-derived melt and anorthosite have much lower REEs than
P138, which means only assimilation of anorthosite cannot match high REEs in P138. As a consequence, the
crustal contaminator is modified to contain 82% anorthosite and 18% high-K KREEP. After ~30% assimilation of
such a crustal contaminator, the calculated melt composition largely fits that of P138 in both major elements and
REEs (Table S4 in Supporting Information S1; Figure 9b). Such high assimilation proportion was suggested to be
hindered by energy budget limitation (Hess, 1994). The problem could be alleviated if KREEP material is more
readily assimilated than anorthosite, thereby reducing the necessary assimilation amount. This is a plausible
assumption, as the KREEP material is more fertile and more fusible than anorthosite. To further demonstrate the
difference of partial melting behaviors between KREEP and ferroan anorthosite (FAN), their partial melting
degrees at various temperatures were modeled by MELTS program (Figure S4 in Supporting Information S1). The
modeling results indicate compared to FAN, KREEP materials have substantially lower solidus temperatures and
at a given partial melting temperature, KREEP materials have at least 10%—20% higher partial melt degree than
FAN. For example, at 1,140°C and 1 Kbar, the partial melting degrees of KREEP and FAN are 50% and 7%,
respectively (Figure S4b in Supporting Information S1) and the total assimilation amount will be reduced to
~15% (82% * 7% + 18% * 50%), which is more acceptable when considering energy budget limitation. Overall, a
high-Mg# mantle-derived magma must assimilate KREEP materials to acquire high REE contents as observed in
P138.

4.5. KREEP Material on the Farside

It is well-known that the Moon's nearside and farside are different in many aspects, such as geomorphology,
topography, crustal thickness, volcanic activity and chemical composition, which is termed the Moon's global
dichotomy (Head & Wilson, 1992; Wasson & Warren, 1980). The nearside has much higher Th content, a proxy
for KREEP, than the farside, indicating a global asymmetric distribution of KREEP. Several possible mechanisms
were proposed to account for global asymmetric chemical composition, including asymmetrical crystallization of
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Figure 9. Rare earth element (REE) mass balance modeling of P138. To account for the high REE content in P138, mantle
partial melt after 26% crystallization assimilates lunar crust. Dashed lines represent the mixing results. The contaminators
compose of 100% anorthosite or 82% anorthosite and 18% KREEP material in (a) and (b), respectively. The numbers besides

these dashed lines represent the assimilation degrees of crust. Detailed description of the modeling is described in the main
text. Data source is provided in Table S4 in Supporting Information S1.

LMO (Ohtake et al., 2012), an early giant basin-formation impact (Wasson & Warren, 1980; Zhu et al., 2019) and
Rayleigh-Taylor instability of lunar mantle after mantle overturn (Zhong et al., 2000). All these mechanisms
drove KREEP component to concentrate on lunar nearside. The KREEPy compositional feature of noritic glasses
(P133 and P138) found in this study indicates KREEP component still existed below the Apollo basin at ~4.16 Ga
(Chen, Zhang, Cui, et al., 2025). Chen, Zhang, Cui, et al. (2025) found three KREEPy impact melt rock clasts in
the CE-6 lunar soil, which resulted from the differentiation of SPA basin impact melt pool, and then reworked by
the Apollo basin impact. In addition, remote sensing data reveal two thorium “hotspots” (~6 ppm) at craters
Birkeland and Oresme V, in northwest of the SPA basin (Moriarty et al., 2021). Interestingly, the recently re-
ported ~2.8 Ga CE-6 low-Ti mare basalt from southern Apollo basin has a KREEP-depleted mantle source (Cui
et al., 2024). Since the 4.2 Ga high-Al lavas from the CE-6 landing site has a KREEP signature (Q. W. L. Zhang
et al., 2025), it can be inferred that the lunar compositional dichotomy cannot be related to asymmetrical crys-
tallization of LMO. More likely, most KREEP materials have been driven to the nearside by SPA impact, or have
been squeezed into SPA impact melt sheets, both leaving behind a very depleted mantle source, from which the
2.8 Ga CE-6 mare basalts were derived (Cui et al., 2024). Nevertheless, this study shows the local presence of
KREEP-bearing lower crust beneath the farside.

5. Conclusions

This study identified three high-MgO impact glasses (P032, P133, and P138) in CE-6 lunar soil. Specifically,
P032 has a troctolite-like precursor, while P133 and P138 have a norite-like precursor. PO32 was possibly
transferred from the Lowell crater located to the NW of Orientale basin, whereas P133 and P138 likely originated
from the Apollo basin's peak ring and were transferred to the CE-6 landing site by the Chaffee S crater impact.
Therefore, P133 and P138 are good representatives of the lower crust below the Apollo basin. The high Mg# of
P133 and P138 favors a petrogenetic model of assimilation of anorthositic crust with minor KREEP component
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