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A B S T R A C T   

The lunar soil collected by the Chang’e-5 (CE-5) mission contains both local materials and components of various 
sources. The latter could have derived from the excavation of impact craters in the highlands away from the 
landing site, providing valuable information on the composition of the lunar crust beyond the mare basalts 
sampled by the CE-5 mission. In this study, we examined the mineralogy and petrology of magnesian troctolitic 
granulites (or troctolites) recovered in the CE-5 soil. The troctolites exhibit a granoblastic texture but have a finer 
grain size compared to Apollo granulites, and almost all plagioclase remains unaltered and not converted to 
maskelynite. The major element composition shows a SiO2 content of 45.4 wt%, CaO of 12 wt%, TiO2 of 0.2 wt%, 
Th of 0.1 ppm, and an Mg# of 76, lower than those of the Mg troctolitic lunar meteorites NWA 5744 and NWA 
10401. The trace element budget indicates that the magnesian troctolites are KREEP-poor, which distinguishes 
them from the Mg-suite rocks in Apollo samples but is similar to some troctolitic lunar meteorites (NWA 10401). 
Furthermore, we predict –by using MELTS modeling– a plausible genetic connection between the Mg-suite rocks, 
and our troctolites, suggesting that the latter may be pristine and formed during a later stage along a fractional 
crystallization path. This scenario challenges the hybridization model and strengthens the evidence in favour of 
the fractional crystallization modeling. To ascertain the potential origin crater for the magnesian granulites, a 
comparative analysis was conducted with NWA 10401. Based on our findings, we propose that the Pythagoras 
crater, situated north of the CE-5 landing site, is the most probable source of the aforementioned magnesian 
troctolitic granulites. The ejecta from this crater may have been deposited between the Eratosthenian-aged mare 
basalts and the Imbrian-aged mare basalts beneath the CE-5 landing site. The KREEP-poor troctolitic granulite in 
the Chang’e-5 soil could represent paleo-ejecta from Pythagoras crater, excavated by subsequent impacts on the 
Eratosthenian-aged basalts and delivered them to the CE-5 site. The original location of the Mg troctolitic 
granulites is inferred to be near-surface, buried by the uppermost crustal rocks (<10 km), which is consistent 
with its contact with feldspathic impact glass.   

1. Introduction 

The ancient lunar crust contains valuable information on the 
magmatic differentiation processes that occurred during the early 

history of the Moon (Shearer et al., 2006). Non-mare igneous rocks, such 
as ferroan anorthosite (FAN) and magnesian suite (Mg-suite), are 
particularly important (Papike et al., 1998; Wieczorek et al., 2006). 
FANs are suggested to represent the primary crust, originating directly 
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from the global magma ocean and comprising the majority (~80%) of 
the lunar highlands (Dowty et al., 1974; Wieczorek et al., 2006). Mg- 
suite rocks, on the other hand, are Mg-rich plutonic rocks that likely 
originated from the lower lunar crust with few outcrops exposed on the 
lunar surface (McCallum and Schwartz, 2001). The Mg-rich rocks ac
count for only a small proportion of lunar samples (around 0.7% of the 
381.7 kg of samples returned by the Apollo programs)(Wieczorek et al., 
2006). Early studieson the Apollo samples suggested that Mg-suite 
magmatism was strongly influenced by KREEPy magma and was 
closely associated with the Procellarum KREEP Terrain (PKT)(Shearer 
and Papike, 2005; Shearer et al., 2006). However, recent –trace ele
ment– studies on lunar meteorites (Gross et al., 2020; Takeda et al., 
2006; Treiman et al., 2010) and geochemical models (Prissel et al., 
2014; Prissel and Gross, 2020), indicate that high‑magnesium rocks can 
also be crystallized from KREEP-poor melts, suggesting that the distri
bution of Mg-suite rocks could be lunar-wide. 

Previous studies on ejecting material from impact crater (Qian et al., 
2021a) and CE-5 soils (Li et al., 2022) have shown that the Chang’e-5 
(CE-5) samples mainly comprise weathering products of local basaltic 
materials with a small amount of materials (<10%) originating from 
distal craters. However, non-local materials in the CE-5 soils may be 
more representative of the lunar crust since impact cratering can bring 
various materials to the landing site. Raman spectroscopy has revealed 
that the small amount of non-local materials in CE-5 soils (5–7%) are 
mainly Mg-suite rocks (Mg # >70; Cao et al., 2022), while several calcic 
plagioclases and clasts likely originate from the ancient Feldspathic 
Highland Terrane (FHT; Li et al., 2022; Sheng et al., 2022). Additionally, 
seifertite and stishovite, possibly distant ejecta from the Aristarchus 
crater to the CE-5 site, have been found (Pang et al., 2022). Recently, 
Zeng et al. (2023) also identified 7 igneous clasts in the CE-5 samples 
from >3000 regolith particles (surface scoop sample). These materials 
provide an opportunity to learn more about the complex evolutionary 
history of the lunar crust. 

In the present study, we have discovered two magnesian troctolitic 
granulite clasts within the CE-5 soil samples. The mineralogical and 
chemical data of these fragments have been provided, and we have 
undertaken a comparative analysis with Mg troctolitic granulites found 
in lunar meteorites. The objective of this study is to establish constraints 
on the origin and formation of these granulites, as well as to ascertain 
any potential connections with a KREEP-poor Mg-suite parental melt. 
The discovery of these KREEP-poor Mg troctolitic granulites in CE-5 
samples has significant implications for understanding the early lunar 
crustal formation and evolution, as well as the early history of the Moon. 

2. Samples and analytical methods 

A 150 mg aliquot (CE5Z0204YJFM002) CE-5 drilling sample was 
allocated by the China National Space Administration for this study. 
Large lithic clasts (typically >70 μm) were manually picked from the 
aliquot. Two have been used for the current study (HQ002,12 and 
HQ1–9), with a total mass slightly lower than 1 mg. The lithic clasts 
were mounted in Araldite 2020 epoxy resin and polished for petro
graphic observations. 

Polished mounts were carbon-coated and examined with the scan
ning electron microscope (SEM, FEI Quanta 200) equipped with energy 
dispersive spectrometers (EDS) at the State Key Laboratory of Geological 
Processes and Mineral Resources, China University of Geosciences, 
Wuhan (GPMR-CUG). Thick sections were examined for back-scattered 
electron (BSE) imaging and X-ray elemental mapping. 

Major element compositions of minerals were determined using a 
JEOL JXA-8230 electron microprobe analyzer (EPMA) at GPMR-CUG. 
Minerals were analyzed using a 15 kV acceleration voltage and a 20 
nA focused beam typically at 3 μm diameter for silicates. For silicate and 
oxide phases, the standards used for ZAF matrix correction were jadeite 
(Na), olivine (Si), diopside (Ca, Mg), almandine (Fe, Al), sanidine (K), 
rutile (Ti), rhodonite (Mn), and chromium oxide (Cr). Furthermore, Na 

and K were analyzed first to avoid volatile loss. Representative EPMA 
results are given in Table S1, while the detailed compositions are given 
in the Tables S2–1, S2–2, S2–3, and S2–4. 

Major and trace element contents of minerals or clasts were obtained 
from the polished mounts using laser ablation inductively coupled 
plasma mass spectrometry (LA-ICP-MS). Trace element analyses were 
obtained using an Agilent 7500a ICP-MS coupled with a Geolas Shearer 
and Papike, 2005 excimer ArF laser (193 nm) ablation system (Lambda 
Physik, Göttingen, Germany). The repetition rate used was between 6 
and 10 Hz. Additionally, incorporating nitrogen into the gas flow helped 
to increase the detection limit and improve precision (Hu et al., 2008). 
Each analysis included a background acquisition of 20–30 s (gas blank) 
followed by 50 s of sample data acquisition. The software ICPMSDataCal 
was used for off-line selection and integration of the background and 
analyzed areas, time-drift correction, and data reduction (Liu et al., 
2008). 

The small sizes of the olivine, pyroxene, and chromite grains in 
HQ002,12 are unsuitable for LA-ICPMS analysis. The spot diameter used 
for plagioclase was 32 μm, while that used for fine-grained clasts was 90 
μm. The clasts –made of multiple minerals– were analyzed simulta
neously in one run, using line scan mode. The measured elements were 
calibrated externally using several USGS glasses (BCR-2G, BHVO-2G, 
and BIR-1G) with preferred values for USGS glasses obtained from the 
Geological and Environmental Reference Materials-GeoReM database 
(http://georem.mpch-mainz.gwdg.de; Jochum et al., 2005). In order to 
achieve sufficient standardization, a measurement of NIST SRM 610 
glass was conducted after every six unknown measurements. Major and 
trace element results obtained through LA-ICP-MS are presented in 
Table S3. More details on standard analyses are provided in Table S4. 

We have determined the modal abundances of plagioclase, olivine, 
orthopyroxene, clinopyroxene, and chromite within the HQ002,12 
sample. The selection of the analytical region for X-ray mapping was 
based on the inclusion of both the Mg-troctolitic granulite The X-ray 
maps acquired using the SEM instrument for specific elements (Si, Al, 
Ca, Mg, Fe, and Cr), and subsequently were imported as raw files into 
ImageJ software. The mode of each mineral was then estimated by 
counting the pixels associated with a particular color of each mineral 
within the HQ002,12. Two distinct methods were employed to estimate 
the bulk-rock major element composition. The first approach involved 
combining the measured average mineral chemistry of plagioclase, 
olivine, pyroxene, and Ti-chromite with the modal content of each 
mineral. The second approach employed broad line scan mode ablations 
of LA-ICP-MS in three different regions of the fine-grained matrix. It is 
important to note that the reconstructed bulk composition of the small 
clast may not be entirely representative due to measurement or calcu
lation discrepancies. Additionally, the uncertainty associated with the 
abundance of elements present in rare mineral grains (such as P in 
phosphate and Ti in ilmenite) is difficult to quantify. 

3. Results 

3.1. Petrography and mineral chemistry 

Two magnesian troctolitic granulite clasts have been identified in 
our samples (HQ002,12 and HQ1–9), and we focus on HQ002,12 in this 
study. HQ002,12 is a composite clast consisting of two distinct lithol
ogies (Fig. 1). The first lithology corresponds to anorthosite (approxi
mate size 350 × 100 μm), consisting of a large plagioclase crystal (140 ×
70 μm) and feldspathic impact glass. The second lithology is a magne
sian troctolitic granulite which is cross-cut by feldspathic-glass (Fig. 2c). 
The large plagioclase within the first lithology is rich in anorthite 
component (An95.7–97.7; An = Ca/[Ca + Na + K] × 100). The magnesian 
troctolitic granulite is approximately 200 × 400 μm in size showing a 
granoblastic texture (Fig. 2d). The troctolitic granulite consists of 
plagioclase (64.6 vol%), olivine (23.7 vol%), orthopyroxene (8.4 vol%), 
clinopyroxene (3.2 vol%), and traces of chromite and troilite (<0.1 vol 
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%)(Table 1). Following theclassification criteria in Stöffler et al. (1980), 
this cast could be regarded as an anorthositic troctolite. 

The individual subhedral to anhedral olivine and pyroxene grains 
(5–25 μm) are roughly equant, and occurred in coarse-grained plagio
clase dominated matrix. Most plagioclases –especially those with a size 
~40–70 μm in width– display rounded edges. Many of these plagioclase 
grains are poikilitic and enclose small olivine grains (< 5 μm in diam
eter) that tend to occur near the rims. Some relict igneous textures have 
been observed (Fig. 2) as indicated by the presence of subhedral relics of 
euhedral plagioclase laths. Some olivine grains are partially surrounded 
by orthopyroxene, suggesting the crystallized reaction olivine + melt → 
orthopyroxene (e.g., (Morse, 1980). 

The mineral grains are chemically homogeneous. The olivine is 

highly forsteritic Fo74.7–76.5 (Table S1), being slightly lower than the 
respective reported for Mg granulites NWA 5744 (Fo78.0–82.1) and NWA 
10401 (Fo79.2–84.3) (Kent et al., 2017; Gross et al., 2020), but higher than 
that of Fe granulites like NWA 3163 (Fo57.9)(Hudgins et al., 2011). 
Orthopyroxenes have composition of En76.5–77.7Fs19.2–19.8Wo2.9–4.1; cli
nopyroxenes have composition of En48.3–50.2Fs8.6–10.9Wo38.9–42.2. Both 
pyroxenes have almost similar composition with pyroxenes from other 
Mg granulites such as NWA 10401 (Fig. 3; Gross et al., 2020). The Mg# 
in pyroxenes ranges from 79.5 to 85.2, with an average Mg# of 81.4. 
Plagioclase matrix grains have a compositional range of An94.1–97.9 
(Table S1). 

Pyroxene chemistries could have been altered by metamorphism, but 
they may still retain some primary crystallization signatures. (Bence and 

Fig. 1. X-ray maps of the HQ002,12, the white dot line circle the Mg troctolitic granulites.  

Fig. 2. BSE images of HQ002,12. a) The anorthosite component is consisted of one large plagioclase crystal and feldspathic impact glass. b) Feldspathic-glass 
intrusion veins of magnesian granulite at the boundary between feldspathic impact glass and magnesian granulite. c, d) Granoblastic texture of magnesian gran
ulite composed by irregularly shaped –anhedral to subhedral– grains of olivine, orthopyroxene and clinopyroxene embedded and intergranular plagioclase. 
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Papike, 1972; Day et al., 2006). The orthopyroxenes on the AlVI-Cr-Ti 
plot define a trend from a high AlVI content to a composition enriched in 
Ti (Fig. 4a). Further, the titanium‑aluminum relationships indicate a 
slight decrease of Ti/Al, and them constant increase of Ti with Al 
(Fig. 4b). This is in accordance with the formation of Ca-free ortho
pyroxene, and then progressively evolves towards Fe-richer orthopyr
oxenes with increase Si/Al ratios (Fig. 4c). These orthopyroxene 
compositional trends (Fig. 4) are consistent with continues crystalliza
tion before the onset of pigeonite/augite formation. The clinopyroxenes 
reveal a composition mainly of augite. The EPMA analyses define a high- 
AlVI core, and moving towards Ti-rich pyroxene in the AlVI-Cr-Ti plot 
(Fig. 4a). This correlates with the low Ti/Al (1/4) and high Al/Si ratios 
recorded on the early clinopyroxene suggesting crystallization from a 
liquid saturated in Al. 

Accessory phases are mainly represented by the spinel-group min
erals. Spinel-group minerals such as Ti-chromite are usually very small 
in size (1-3 μm) and occur within plagioclase or associated with olivine 
grains. The Ti-chromites have a composition of 
Chr61.2–70.0Sp20.1–24.2Ulv6.6–16.7 displaying variable amounts of Al2O3 
(9.66–11.9 wt%), TiO2 (2.54–6.45 wt%), Cr2O3 (45.1–50.4 wt%), and 
FeO (27.7–30.7 wt%) (Tables S1, S2–4). 

HQ1–9 is also a Mg troctolitic granulite. It is approximately 600 ×
400 μm in size. It has poikilitic texture (Fig.S1, S2, supplementary video 
1). The granulite is consisted of plagioclase (62.2 vol%), olivine (20.4 
vol%), pigeonite (12.1 vol%), minor amount of ilmenite (3.5 vol%), and 

traces of troilite and Fe–Ni metal (1.8 vol%)) (in vol%, estimated by 
ImageJ software). Additionally, a single, 5 μm long, zircon grain has 
been found associated with ilmenite. 

Unlike HQ002,12, almost all the plagioclases in the HQ1–9 are 
maskelynite. The maskelynite is rare in CE-5 sample but is commonly 
observed in lunar meteorites, which imply relatively high shock level 
(Cao et al., 2022). 

3.2. Bulk composition and trace element composition of plagioclase 

Three different ablation measurements are consistent with each 
other (Table S3). The clast’s mean bulk composition has SiO2, CaO, TiO2, 
and Th of 45.4 wt%, 12.0 wt%, 0.2 wt%, and 0.1 ppm, respectively. The 
Mg# of the clast HQ002,12 is 76, which is lower than of NWA 5744 
(79–80; Kent et al., 2017; Korotev and Irving, 2016) and NWA 10401 
(82, the highest Mg# of known feldspathic meteorite samples so far; 
Gross et al., 2020). 

The REE pattern of HQ002,12 is similar to that of NWA 5744, and 
NWA 10401. Both are flat for LREE and HREE with a positive Eu 
anomaly. Meanwhile, the REE pattern of HQ002,12 is most similar to 
that of NWA 5744, and that NWA 10401 is even poorer in KREEP. The 
bulk trace element content of HQ002,12 shows very low incompatible 
element abundance, i.e., negligible KREEP content (KREEP-poor) 
(Fig. 5). If this clast is representative of the protolith(s), it is most likely 
that HQ002,12 originated from FHT that is different from Apollo landing 
sites. 

Plagioclase is enriched in light rare earth elements (LREE) relative to 
heavy rare earth elements (HREE) (CI-normalized La/Yb ratio of 17.9, 
Fig. 5) and contains positive Eu anomalies, typical of lunar highland 
rocks. 

4. Discussion 

4.1. Comparison with other granulites 

The clast HQ002,12 is a non-local material. The calcic plagioclases 
cannot be from the CE-5 basalts because the plagioclase for CE-5 basalts 
has a composition of An68–90 (He et al., 2022; Tian et al., 2021), but most 
likely originating from FHT (Stoffler, 2006). The clast HQ002,12 is 

Table 1 
The Bulk Modal Mineralogy for Magnesian Granulitic in HQ002,12 Compared to 
Mineral Modes of NWA 10401 and NWA 5744.  

Mineral(vol 
%) 

HQ002,12 NWA10401 NWA 
5744 

Modal 
mineralogy 

Mass 
proportion 

Pl 64.6 59.4 67 59–65 
Ol 23.7 27.8 26.3 23–26 
Opx 8.4 8.9 6.3 12–15* 
Cpx 3.2 3.7 0.3 
Chr/Spinel 0.1 0.2 0.1 –  

* incudes Opx and Cpx. NWA 10401 data from Gross et al. (2020); NWA 5744 
data from Kent et al. (2017). 

Fig. 3. Comparison of mineral chemistry in magnesian granulitic domain of HQ002,12, in relation to the meteoritic granulite NWA 10401. (a) Pyroxene (upper) and 
olivine (lower) mineral composition; (b) The An# [molar Ca/(Ca + Na + K)] in plagioclase is plotted versus Mg# [molar Mg/(Mg + Fe)] for mafic minerals (py
roxene and olivine) present in HQ002,12. Clast-AN is the Mg-suite clast recognized in Chang’e-5 regolith by Zeng et al. (2023). The field for Chang’e-5 basalts are 
after Tian et al. (2021) and He et al. (2022). The shaded fields for Mg-suite and FAN are after (Yamaguchi et al., 2010), which represent fields for lunar pristine rock 
suites (FAN and Mg-suite) from the Apollo missions and indicate the pristinity index of (Warren, 1993). Light grey region is based on individual EMP measurements 
of NWA 5744 olivine grains versus plagioclase matrix, physically located within 25 μm of each other (Kent et al. (2017). Magnesian feldspathic granulites data for 
ALHA 81005 and Dhofar 309 are based on Goodrich et al. (1984) and Treiman et al. (2010). The Apollo magnesian feldspathic granulites data are from samples 
60,035, 67,415, 67,955, 72,275, 76,230, and 79,215 (Ma and Schmitt, 1982; Lindstrom and Lindstrom, 1986; Salpas et al., 1988). The black arrow corresponds to 
Mg-suite crystallization trend (KREEP-free) given in Fig. 7 of Prissel and Gross (2020). 
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primarily composed of a metamorphic matrix, composed of relatively 
fine-grained (<30 μm in width) olivines and pyroxenes surrounded by 
plagioclase (Fig. 2). The texture for HQ002,12 is similar to Apollo 
granulitic breccia samples such as 60,035, 77,017, 78,155, and 79,215 
(Hudgins et al., 2008). The texture is also similar to granulites in lunar 
meteorites, such as ALHA 81005, Dar Al Gani 400, Dhofar 025, NWA 
3163, ALH 81005, Dhofar 309, NWA 5744, NWA 10401, MacAlpine 
Hills 88,105 and Shişr 161 (Hudgins et al., 2011; Treiman et al., 2010; 

Korotev, 2012; Kent et al., 2017; Joy et al., 2010; Gross et al., 2014, 
2020), ranging from poikiloblastic to granoblastic (Hudgins et al., 
2011). However, the grain sizes in lunar meteorites are much coarser 
than that in HQ002,12, which has a typical mafic mineral grain size of 
0.1–0.2 mm. Based on the work of Bickel and Warner (1978), the 
granulites can be subdivided into different grain size groups (fine <100 
μm, medium 100–200 μm and coarse >200 μm). Therefore, the 
HQ002,12 could be a fine-grained troctolitic granulite. Because the 

Fig. 4. Pyroxene chemistry for the studied clasts in HQ002,12 as a function of AlVI-Cr-Ti (plot a), Ti vs Al (in atoms per formula unit-a.p.f.u.)(plot b), and Al/Si vs Fe/ 
Mg (plot c). The measured pyroxenes within the HQ002,12 follow the recognizing crystallization sequences defined in Bence and Papike (1972). The dashed and 
dotted lines correspond to the compositional trends for orthopyroxene and clinopyroxene, respectively. Lines in b) denoted 1:1, 1:2, 1:4 indicate ratios of Ti/Al = 1.0, 
0.5, and 0.25, respectively. 

Fig. 5. CI chondrite normalized REE values of bulk rock and plagioclase in Mg granulites in HQ002,12. REE abundance of CI chondrite were (McDonough and Sun, 
1995). (a) REE distribution pattern of bulk sample compared to Apollo FAN, Mg-suite, and anorthositic granulites in meteorites NWA 5744 and NWA 10401(Kent 
et al., 2017; Gross et al., 2020). Light shaded area represents REE abundance of Dhofar 489 (Takeda et al., 2006), ALH 81005 (Treiman et al., 2010) and Dhofar 309 
(Treiman et al., 2010). Dark shaded area represents REE abundance of 60,035 (Ma and Schmitt, 1982; Hudgins et al., 2008), 72,275 (Salpas et al., 1988), 76,503 and 
72,503 (Jolliff et al., 1996), 79,215 (Hudgins et al., 2008); (b) REE distribution pattern of plagioclase in NWA 10401 compared to Apollo FAN, Mg-suite, and 
anorthositic granulites in meteorites. Light shaded area represents data from Papike et al. (1997); Floss et al. (1998). Dark area shows data from Papike et al. (1996); 
Shervais and McGee (1998). 
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small grain size, the pyroxene exsolution was not observed in the CE-5 
samples but in some samples with large sized pyroxenes with 1–5 μm 
thick lamellae (Gross et al., 2020). 

Another difference between HQ 002,12 and lunar meteorites (gran
ulites and other compositions) is that almost all of the plagioclase in the 
meteorites has been converted to maskelynite (Treiman et al., 2010; 
Kent et al., 2017); Gross et al., 2020), while the plagioclase in HQ002,12 
is still crystalline. Only few grains were converted to maskelynite at the 
edge of the clasts. Furthermore, the presence of irregular fractures 
within olivines indicate that the rock has shocked at stage up to S3 
(Stöffler et al., 2018). Glassy and microcrystal FAN contact with the Mg 
troctolitic granulite in HQ002,12, reflecting the injection of impact melt 
within pre-existing shock-induced fractures. 

On the basis of the Apollo samples, (Lindstrom and Lindstrom, 1986) 
advocated that granulitic breccias were dichotomous, with ferroan 
[Mg# = Mg/(Mg + Fe) <65] and magnesian (Mg# >72) groups. It is 
notable that lunar meteorites also contain two sub-types: (1) a ferroan 
sub-type including NWA 3163 (and pairs NWA 4881/4483) (McLeod 
et al., 2016) and Dho 026, and (2) a Mg-rich sub-type, namely the 
Magnesian granulites including NWA 5744 and its pairs (at least six 
include NWA 8687, NWA 10401) and the Dhofar 303 clan (Treiman 
et al., 2010; Korotev and Irving, 2016); (Kent et al., 2017). The clast 
HQ002,12 from this study is similar to the Mg-rich sub-type, thus 
referred here as “Mg troctolitic granulite”. 

The Ni concentration in the bulk exhibits a low range of 75–128 ppm, 
whereas the bulk ratio of Ni/Co ranges from 3.63 to 5.37, approximating 
a value of 5. This ratio is consistent with that observed in other granulitic 
breccias found in meteorites (Hudgins et al., 2008). As noted by (Haskin 
et al., 1998), granulitic breccias from Apollo 17 are rich in siderophile 
elements. These elements are carried by Fe –Ni metal grains, such as 
those in (Hudgins et al., 2008) for samples 77,017, 78,155, and 79,215. 
Metal grains in HQ002,12 are rare and bulk rock concentrations of Ni 
are consequently much lower than in the Apollo 17 samples, which show 

limited contamination by meteorites and therefore representing the 
original lunar composition. 

The Al2O3 component of the bulk rock vs. Mg# (Fig. 6) indicates that 
mixing of typical feldspathic FAN with a potential mantle component 
(peridotite) would result in a rock type that would have the same Al2O3 
and Mg# composition than HQ002,12 like the NWA 5744 and NWA 
10401. Thus, it is possible that the protolith of HQ002,12 also could 
represent a mixture of FAN and KREEP-poor Mg-rich mantle material 
(Gross et al., 2020). The KREEP-poor nature of HQ002,12 precludes the 
involvement of the KREEP-bearing Apollo Mg-suite lithologies as a 
protolith. HQ002,12 has lower Mg# compare with NWA 5744 and NWA 
10401. This is also consistent with the proposal that mantle-derived melt 
as heat and material source, which have melted the primordial anor
thosites and mixed to form the Mg-suite magma (Xu et al., 2020) or the 
hybridization melting model proposed by Shearer et al. (2015). How
ever, the mixing of Mg-rich component (peridotite) and anorthositic 
crust should lead to low-Cr and high-Al spinel rock types (Pieters et al., 
2014; Prissel et al., 2016a, 2016b), which is different from the obser
vation in this study. 

On the other hand, Prissel and Gross (2020) proposed that the Mg- 
suite primary melt was mantle-derived (via decompression melting of 
a peridotite mantle) to either crystallize KREEP-free lithologies (such as 
those observed here), and/or had secondary interactions with crustal or 
KREEPy material to explain the minor abundance of spinel-bearing 
troctolites or REE-elevated samples. Meanwhile, Pieters et al., 2014; 
Prissel et al., 2016a, 2016b) experimentally show that partial melts from 
Mg-rich cumulate + FAN crust sources consistently yield low-Cr and 
high-Al spinel. This result is in conflict since chromite-bearing troctolites 
are the norm and low-Cr high- Al spinel-bearing troctolites are volu
metrically minor (< 2% of all lunar troctolites by mass; Prissel and 
Gross, 2020). Chromite is ubiquitous among many olivine-normative 
and mantle-derived melts. The presence of chromite (not spinel) in the 
clast appears to support derivation from a more typical peridotitic 

Fig. 6. Bulk-rock Al2O3 contents versus Mg#. Mixing of typical FAN with a potential mantle component (peridotite) could result in a rock type with Al2O3 and Mg# 
compositions similar to HQ002,12. It is possible that the protolith of HQ002,12 could represent a mixture of FAN and KREEP-poor and Mg- rich mantle material. 
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source such as the partial melts modeled in Prissel and Gross (2020). 
As modeled in Prissel and Gross (2020), mantle-derived melts can 

evolve to plagioclase saturation during fractional crystallization, pro
ducing a similar trend of decreasing Mg# and increased Al2O3 as shown 
in Fig. 6 but importantly requires no mixing between peridotite and 
anorthosite. 

The Mg-suite rocks are characterized by high Mg# and low Cr2O3 
contents. In our study, the clast HQ002,12, hosts olivines with low Cr2O3 
contents (100–800 ppm, Table S1) at relatively intermediate Fo content 
(range between 74.7 and 76.5). This Cr2O3 content is significantly lower 
than the estimate from the fractional crystallization produced from the 
early LMO cumulates (1900–3800 pppm, Elardo et al., 2011, Fig. 7), 
while the Fo is intermediate between the early magma ocean cumulates 
(range from 88.9 to 95.6, Elardo et al., 2011), the Mg-suite and the Mare 
basalts. Furthermore, the thermodynamic modeling work by Ju et al. 
(2021) considered the chromite as the residual solid phase and sug
gested that the Mg-suite could be formed by the equilibrium crystalli
zation of the melt derived from the decompression melting of the lunar 
mantle materials, with its olivine containing low Cr2O3 content (Fig. 7). 
Furthermore, the presence of chromite becomes important for dis
tinguishing between fractional crystallization of mantle-derived melts 
(Prissel and Gross, 2020) versus anorthosite mixing: chromite suggests 
that the parental melt was plagioclase-undersaturated, meaning it was a 
more typical olivine-normative mantle-derived melt and not a hybrid
ized melt with initially high-Al contents from plagioclase mixing. 

Moreover, in the equilibrium crystallization model proposed by Ju 
et al. (2021), the chromium (Cr) content of olivine exhibits a variation 
along the early fractionation segment, ranging from Fo95 to Fo90, before 
rapidly decreasing due to the co-crystallization of Cr-rich spinel. 
Consequently, if all the Cr is moving out of the system, while Al is 

accumulating, the composition of spinel is expected to shift from chro
mite towards spinel. Thus, Cr becomes less compatible in the entire 
fractionating assemblage and might appear relatively constant 
(approximately) on a plot such as Fo vs Cr2O3 content (Fig. 7) as the 
olivine continues to evolve. 

This phenomenon has been explored here for both equilibrium and 
fractional crystallization models. We utilized the easyMELTS interface to 
the MELTS model (http://magmasource.caltech.edu) to track the major 
and trace elements (Ghiorso and Sack, 1995; Asimow and Ghiorso, 
1998; Asimow, 1999; Asimow et al., 2001; Asimow et al., 2004; Smith 
and Asimow, 2005). 

In this approach, we examined the magmatic evolution from the 
most primitive (lower SiO2/highest MgO) analysis obtained from the 
literature (melt B-1; Table 2 in Ju et al., 2021), assessing whether its 
liquid line of descent passes through the more evolved olivine compo
sitions (towards lower Fo content). It’s crucial to note that the MELTS 
model for olivine (and any version of MELTS) does not include Cr. The 
only solid phase that hosts Cr in the MELTS models is spinel. Therefore, 
we retrieved partition coefficient data from the literature and used only 
those experiments that contain both olivine and liquid with measured 
Cr2O3 content. 

In our MELTS model, the Cr behavior is solely controlled by how 
much is extracted through Cr-spinel fractionation, influencing changes 
in the Cr content of the liquid. We then determined the Cr content in 
coexisting olivine using partition coefficients published by Longhi et al. 
(1978). These experiments were conducted at varying temperatures 
(1375, 1328, 1300, 1249, 1216, 1201, 1175, 1158, 1156, 1133 and 
1124 ◦C). We plotted these temperatures against the respective partition 
coefficient values, revealing a strong correlation (r = 0.8), and we 
derived a polynomial equation of the form: DCrOl

melt = 2 × 10− 5 × T2 - 

Fig. 7. The Cr2O3 concentrations versus Fo contents of olivine in different lunar materials. The figure was modified from Elardo et al. (2011). The black dashed line 
corresponds to our MELTS modeling fractional crystallization curve (calculated conditions: P = 2 kbar, fO2: IW; starting composition melt B-1 from Ju et al., 2021). 
The olivine crystallized from melt formed through the decompression melting is from Ju et al. (2021) (red rectangular field-equilibrium crystallization). Early magma 
ocean cumulates experiment data from Elardo et al. (2011). Mg suite and mare basalt olivine data from Papike et al. (1998), Shearer and Papike (2005), and Elardo 
et al. (2011). Chang’e-5 basalts olivine data from He et al. (2022). TWM is the Taylor whole Moon, LPUM is lunar primitive upper mantle model. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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0.0585 × T + 39.233 (Fig. S4). This equation has been used to predict 
the DCrOl

melt values for the temperatures along a liquid line of descent 
calculated using our MELTS approach. 

Fig. 7 clearly illustrates (black dashed line) that the predicted olivine 
compositions align with the Mg-suite data, including samples from the 
Apollo mission (troctolites) and the troctolite clasts from our study. The 
calculated olivine compositions appear to be slightly shifted towards 
lower Fo numbers compared to the equilibrium crystallization model by 
Ju et al. (2021). This discrepancy, however, could potential be resolved 
through minor tweaking of the starting composition, oxygen fugacity, 
and/or crystallization pressure. Consequently, there is a plausible ge
netic connection between the Mg-suite rocks, and our troctolites, sug
gesting that the latter may be pristine and formed during a later stage 
along a fractional crystallization path. This scenario challenges the hy
bridization model and strengthens the evidence in favour of the frac
tional crystallization modeling. 

The decompression melting model of Prissel and Gross (2020) in that 
Mg-suite source region is in line with the isotopic data that explain the 
age overlap between the Mg-suite and anorthosite (Borg et al., 2020). 
This onsistency implies that the Mg-suite source was either an undif
ferentiated component or a cumulate produced very early in LMO so
lidification. Meanwhile, that Mg-suite magmatism was occurring 
outside of PKT was supported by recent 3D dynamic simulations of 
mantle overturn (Prissel et al., 2023). The new mantle overturn models 
demonstrate that the lower lunar mantle (modeled as a peridotite 
source) experiences modest degrees of partial melting which can explain 
the key volume, geochronological, and spatial characteristics of Mg- 
suite magmatism (Prissel et al., 2023). In summary, the clast 

HQ002,12 studied here, support the decompression melting model of 
Prissel and Gross (2020) for the source of melt that subsequently may 
crystallized via fractional crystallization as our MELTS model suggests 
for a population of troctolites. 

4.2. Proposed origin of the magnesian granulites 

Shearer et al. (2015) showed that Mg-suite rocks can be produced by 
placing hot, less dense early magma ocean cumulates into the 
plagioclase-rich primordial crust, which would produce Mg-suite parent 
magmas. Thus, outside the PKT, Mg-suite magmas would not be 
required to have a KREEP signature (Korotev et al., 2003; Shearer et al., 
2015). To date, no consensus has been reached on this topic, and it is 
unclear whether KREEP is a required component of Mg-suite magmatism 
or represents a secondary addition. If KREEP is concentrated inthe PKT, 
Mg-suite magmatism outside of the PKT region may not contain a sig
nificant large amount of KREEP component (e.g., (Lucey et al., 2000; 
Gross and Joy, 2016; Korotev et al., 2003; Prissel et al., 2015; Prissel 
et al., 2016a, 2016b). 

Calzada-Diaz et al. (2015) developed a computational program that 
utilizes data from the Lunar Prospector Gamma-Ray Spectrometer (LP- 
GRS) to compare the composition of the lunar surface with whole-rock 
bulk compositions of lunar samples. This program was applied to 
investigate the potential source regions of granulitic meteorite NWA 
10401 (Gross et al., 2020), where bulk Fe and Ti of NWA 10401 were 
used to match the composition of the lunar surface. The results indicate 
that the possible source regions of NWA 10401 were located in the lunar 
highlands, some of which were on the far side of the Moon (Fig. 8). 

The unique lithology of HQ002,12 indicates that it did not originate 
from the local CE-5 basalts. It is hypothesized that the clast may have 
been originate from three possible sources: 1) excavation from the 
buried highland materials beneath the landing site by overlapping mare 
basalts, 2) transport from the adjacent highlands in the Procellarum- 
KREEP-Terrane, or 3) transport from the highlands outside the 
Procellarum-KREEP-Terrane, as proposed by Qian et al. (2021b). How
ever, the low abundance of incompatible trace elements, including K, P, 
Th, U, and REE, in HQ002,12 largely deviates from the highland crustal 
materials in the Procellarum-KREEP-Terrane, as reported by Prettyman 
et al. (2006). Consequently, it is improbable that HQ002,12 was exca
vated from the underlying KREEP crust beneath the mare basalts. 

In contrast, the lithology of HQ002,12 suggests that it may have been 
transported from its original source site through an impact process over 
a great distance outside the Procellarum-KREEP-Terrane, as reported by 
previous studies (Arvidson et al., 1975; Hörz et al., 1991; Xiao et al., 
2013). Given the compositional similarities between HQ002,12 and 
NWA 10401 (see Figs. 3, 5; Table 2), it is inferred that HQ002,12 could 
have originated from a source similar to NWA 10401. 

The stratigraphy of the Chang’e-5 landing site provides a solid basis 
for interpreting the context for the provenance of the samples collected 
from the lunar regolith. There are different layers in the CE-5 landing 
site, including impact ejecta, regolith, moderate-Ti basalts, paleo-ejecta, 
paleo-regolith, low-Ti mare basalts, and PKT crust, which can be tested 
by Lunar Penetrating Radar onboard CE-5(Qian et al., 2021c). The 
regolith is predicted to have a thickness of ~4–7 m at the CE-5 landing 
site. Underneath it is the Eratosthenian-aged mare basalts (Chang’e-5 
Em4/P58 and Em3). Underlying Eratosthenian-aged basalts are paleo- 
ejecta and paleo-regolith layers, derived from the long exposure (~2 
Ga) to the space environment of Imbrian-aged low-Ti mare basalts (Im2) 
after its emplacement, until being buried by the Eratosthenian-aged 
mare basalts. The composition of paleo-ejecta is likely to be domi
nated by the Pythagoras crater. 

The most plausible source crater for the clast HQ002,12 is the 
Pythagoras crater located to the north of the CE-5 landing site (Fig. 8). 
With a diameter of approximately 145 km, the ejecta from Pythagoras 
crater could have been deposited between the Eratosthenian-aged and 
Imbrian-aged mare basalts beneath the CE-5 landing site with a 

Table 2 
Bulk Composition of magnesian granulite HQ002,12 (all in μg/g, except for 
major elements in wt%).   

HQ002，12 Chang’e-5 
(Li et al., 2022) 

NWA 10401 NWA 5744 

(wt%) IDRISI XMapTools 

SiO2 45.4 ± 0.32 42.2 ± 0.34 42.6 42.4 43.7 
TiO2 0.22 ± 0.00 5.00 ± 0.06 0.12 0.14 0.09 
Al2O3 20.2 ± 0.12 10.8 ± 0.18 22.8 21.1 23.6 
FeO 7.45 ± 0.14 22.5 ± 0.33 6.11 6.92 6.06 
MnO 0.11 ± 0.00 0.28 ± 0.03 0.08 0.10 0.09 
MgO 13.4 ± 0.28 6.48 ± 0.35 15.4 17.5 12.8 
CaO 12.4 ± 0.09 11.0 ± 0.10 12.4 11.4 13.1 
Na2O 0.27 ± 0.00 0.26 ± 0.210 0.20 0.18 0.29 
K2O 0.01 ± 0.00 0.19 ± 0.15 b.d. b.d. – 
P2O5 0.07 ± 0.00 0.23 ± 0.05 0.01 0.01 0.02 
(ug/g)      
La 0.76 ± 0.03 36.1 ± 1.4 0.63 0.62 0.62 
Ce 2.03 ± 0.05 92.8 ± 3.7 1.39 1.42 1.92 
Pr 0.29 ± 0.02 12.5 ± 2.22 0.18 0.20 0.29 
Nd 1.50 ± 0.08 – 0.88 0.98 1.49 
Sm 0.49 ± 0.05 16.1 ± 0.60 0.28 0.32 0.52 
Eu 0.53 ± 0.03 0.56 ± 0.10 0.56 0.56 0.47 
Gd 0.69 ± 0.06 18.9 ± 0.77 0.26 0.36 0.70 
Tb 0.13 ± 0.01 3.51 ± 0.28 0.04 0.06 0.13 
Dy 0.85 ± 0.05 20.9 ± 1.4 0.34 0.47 0.90 
Ho 0.19 ± 0.01 4.5 ± 1.4 0.07 0.10 0.19 
Er 0.49 ± 0.03 – 0.21 0.29 0.59 
Tm 0.07 ± 0.01 – 0.03 0.04 0.08 
Yb 0.51 ± 0.04 – 0.25 0.30 0.57 
Lu 0.08 ± 0.01 1.41 ± 0.08 0.04 0.05 0.08 
Sc 11.05 ± 0.23 66 ± 2.6 – – n/a 
Th 0.10 ± 0.01 4.72 ± 0.28 0.01 0.02 0.10 
Sr 103.1 ± 0.74 – n/a n/a n/a 
Total 99.60 98.90 99.9 100.0 99.8 

Abbreviation: n/a = not analyzed; b.d. = below detection limit. 
Change-5 data from Li et al. (2022). NWA10401 data from Gross et al. (2020). 
NWA 5744 data from Kent et al. (2017). 
IDRISI and Xmap Tools are two computational programs used to calculate modal 
mineralogy of the sample. The modal mineralogy obtained by the programs in 
conjunction with mineral chemistry was then used to calculate whole-rock bulk 
composition of the sample. 

Q. He et al.                                                                                                                                                                                                                                       



Icarus 408 (2024) 115853

9

thickness of about 1.7 m, as noted by (Qian et al., 2021c). Pythagoras 
crater is also the closest potential source crater for NWA 10401, with its 
ejecta present beneath the CE-5 landing site, as reported by Qian et al. 
(2021c). Later impacts on the Eratosthenian-aged basalts may have 
excavated the underlying older materials, such as paleo-ejecta from 
Pythagoras crater, and delivered them to the CE-5 site (Qian et al., 
2021b). As a result, HQ002,12 was most likely the product of multiple 
impacts on a source originally located >100 km away. Orbital obser
vations also suggest Mg-suite locations outside of the PKT (e.g., Pieters 
et al., 2014; Sun et al., 2017). This illustrate an alternative mechanism 
(impact ejecta from outside the PKT) as a possible explanation for the 
presence of Mg-suite within the PKT. 

4.3. Impact that formed the clast HQ002,12 

The two-pyroxene thermometer proposed by Lindsley and Andersen 
(1983)has been commonly utilized to assess the metamorphic temper
atures of lunar materials. This method has yielded equilibration tem
peratures between 940 and 1210 ◦C for both Apollo and lunar meteorite 
granulites, as reported in previous studies (Çushing et al., 1999; Hudg
ins, 2009; Kent et al., 2017). Lunar granulites are believed to have 
formed exclusively via thermal metamorphism at temperatures 
exceeding 1000 ◦C, which was adequate for complete re-equilibration of 
minerals. 

The calculated cooling rates of the granulite suite have been used to 
provide insights into the crustal conditions under which they formed. 
Early investigations of two Apollo granoblastic samples (79,215,52 and 
67,915,221; representative of the fine-grained granoblastic granulites) 
using crystal size distributions derived from photomicrographs sug
gested cooling rates ranging from 0.5 to 30 ◦C a− 1 (Çushing et al., 1999). 
Further analysis of matrix pyroxenes in NWA 5744, with an average 
width of ~5 μm, indicated rapid cooling after metamorphism, possibly 
taking as little as 15–1500 years (Kent et al., 2017). Some finer-grained 
(<5 μm) granoblastic granulite clasts were estimated to have experi
enced much faster cooling rates, ranging from hundreds to thousands of 
degrees centigrade per year. Given these calculations, it is possible that 

the fine-grained HQ002,12 sample underwent metamorphism at or near 
the lunar surface, where rapid heat dissipation could have accommo
dated such short durations. 

Pernet-Fisher and Joy (2021) provided a comprehensive summary of 
the possible environments in which granulites could have originated, 
and the origin of the metamorphic heat source has been used to infer the 
locations within the lunar crust where metamorphism may have 
occurred. Based on this, two possible locations have been proposed. The 
first is near-surface locations resulting from the burial of the uppermost 
(<10 km) crustal rocks by impact melt sheets or hot fall-back breccias, as 
described previously (Çushing et al., 1999; Hudgins et al., 2011). The 
second is in deep crustal (>10 km) locations resulting from contact 
metamorphism due to the emplacement of magma chambers/plutons, as 
described in Wieczorek et al. (2006). In this context, the HQ002,12 
could possibly represent a lithology above an impact melt sheet (such as 
fall-back ejecta), which would imply the need for large impactors (>100 
km) to generate such thick melt sheets. 

Obtaining mineral separates from fine-grained rocks such as 
HQ002,12 for robust internal isochron calculations using Rb–Sr or 
Sm–Nd isotope chronometer systems is challenging (Papike et al., 
1998; McLeod et al., 2016). The protoliths of the granulite suite likely 
represent lunar highland lithologies that have undergone modification 
by impacts. Mg-suite rocks exhibit overlapping ages of approximately 
4.34 Ga, which is similar to the average age of the mare basalts mantle 
source region and the model age for urKREEP (Borg et al., 2020). Several 
studies have utilized multiple chronometers on granulite NWA 3163 to 
constrain a protolith age >4.3 Ga (White et al., 2020); McLeod et al., 
2016). The reported metamorphic ages of meteorites are younger than 
those of Apollo granulites; for instance, the granulitic meteorites NWA 
3163, NWA 4881, and Dhofar 026 have ages <3.8 Ga (McLeod et al., 
2016). 

The Chang’e-5 mission of China successfully returned lunar soils 
from the Em4/P58 mare plain located in the Northern Oceanus Pro
cellarum, which revealed the youngest dated lunar mare basalts to date 
at ~2.0 Ga (Li et al., 2021; Che et al., 2021). The clast HQ002,12 was 
discovered within the CE-5 lunar soil, indicating a rather young impact 

Fig. 8. Potential source craters of HQ002,12 and NWA 10401. a) The potential source craters are from Gross et al. (2020). b) The geological column for the CE-5 
landing site, modified from Qian et al. (2021c). The most plausible source crater for the clast HQ002,12 is the Pythagoras crater located to the north of the CE-5 
landing site. The paleo-ejecta from Pythagoras crater could have been deposited between the Eratosthenian-aged and Imbrian-aged mare basalts beneath the CE- 
5 landing site. 
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age (< 2.0 Ga) that may be associated with a recent and isolated impact 
event, leading to the transport of the clast to the CE-5 landing site. 

5. Conclusions 

Two magnesian troctolitic granulites with granoblastic texture have 
been discovered in the CE-5 lunar soil, representing components likely 
derived from impact craters in adjacent highlands that excavated the 
materials and transported them to the landing site. One of the clasts, 
HQ002,12, is composed of two lithologies, anorthosite and a magnesian- 
rich lithology namely Mg troctolitic granulite. The troctolitic granulite 
has granoblastic texture, consisting of plagioclase (64.6 vol%), olivine 
(23.7 vol%), pyroxene (11.6 vol%), and traces of chromite and troilite 
(<0.1 vol%). Olivine in the troctolitic granulite has a composition in the 
range Fo74.7–76.5, slightly lower than the values reported for the Mg 
granulites NWA 5744 and NWA 1040, but higher than those given in Fe- 
granulites (e.g., NWA 3163). The bulk Mg# (76) is also slightly lower 
than the one reported for the NWA 5744 and NWA 10401. The trace 
element content shows low incompatible element abundance and 
negligible KREEP content (KREEP-poor), similar to NWA 5744 and NWA 
10401. The presence of chromite and the low Cr content in olivine imply 
that the protolith of HQ002,12 may suggests a plausible genetic 
connection between the Mg-suite rocks, and our troctolites, suggesting 
that the latter may be pristine and formed during a later stage along a 
fractional crystallization path. This scenario challenges the hybridiza
tion model and strengthens the evidence in favour of the fractional 
crystallization modeling. 

The Pythagoras crater to the north of the CE-5 landing site is the most 
plausible source for the ejecta that deposited between the Eratosthenian- 
aged and Imbrian-aged mare basalts under the CE-5 site. A subsequent 
impact on the Eratosthenian-aged basalts may excavated the underlay
ing older materials such as the paleo-ejecta from Pythagoras crater and 
delivered them to the CE-5 site. The metamorphism of HQ002,12 likely 
resulted from shallow burial of the uppermost crustal rocks (<10 km) 
due to impact. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.icarus.2023.115853. 
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