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Lunar primitive mantle olivine returned by
Chang’e-6

Si-Zhang Sheng1, Shui-Jiong Wang 1,2 , Qiu-Li Li 3, Shitou Wu 3,
Hao Wang 3, Jun-Xiang Hua1, Zhenyu Chen4, Jin-Hua Hao5, Bo Zhang6,
Yongsheng He1,2 & Jian-Ming Zhu 1,2

The lunar mantle is important for unraveling the Moon’s formation and early
differentiation processes. Here, we identify primitive lunar olivines in soils
returned by the Chang’e-6 mission. These olivines have oxygen isotopic
compositions plotting along the terrestrial fractionation line, and are char-
acterized by high forsterite contents up to 95.6, and a broad range of nickel
abundances from zero to 682 ppm. While the low-nickel (zero to 251 ppm),
forsteritic olivines align with a Mg-suite origin, the most primitive, high-nickel
olivines (337 to 682 ppm) have a different origin. They could be either the first
olivine crystallized from the Lunar Magma Ocean (LMO) with an Earth-like
initial composition, or crystallized from a hitherto unrecognized ultra-
magnesian lava producedby extensivemelting of the early LMOcumulate. The
exposure of these mantle olivines was facilitated by their entrainment in
ascending high-Mg lavas and conveyed to the surface at the South Pole-
Aitken Basin.

Constraining the nature of the lunar mantle is fundamental to
understanding the Moon’s formation, differentiation and evolution1.
Lunar scientists have long been searching for mantle materials ever
since the first samples were brought back by the Apollo mission in
year of 1969. A possible piece of the lunarmantle, as represented by a
dunite fragment, has recently been identified in a lunar meteorite2.
However, no definitive confirmed mantle materials have been found
from the sample-returnmissions3,4. Our understanding of the ancient
and modern lunar mantle is largely based on the physio-chemical
models, laboratory experiments, geophysical and remote sensing
observations, and coordinated analyses of volcanic products5–17.
These sources of knowledge require further validation and are likely
to be revised once the lunar mantle materials become accessible for
direct analyses.

The Lunar Magma Ocean (LMO) paradigm posits a stratified
mantle, where the lower mantle is dominated by magnesian olivine

cumulates and transitions into a more ferroan orthopyroxene-
dominated upper mantle6,18. However, as the Moon evolved, this
initial cumulate stratigraphy was disrupted: the less dense olivine
cumulates would have ascended upon the overlying high-density
mantle via gravitational restructuring19. There is currently no con-
sensus on what lithologies of the lunar upper mantle would have
been1,5,20.

The South Pole-Aitken Basin (SPA) on the Moon’s farside is
believed to be the most promising location for mantle materials
to be exposed on the lunar surface1. On June 25, 2024, the
Chang’e-6 (CE-6) mission successfully retrieved the first sample
from the SPA (41.625 °S, 153.978 °W). Here, we identify highly
magnesian olivines (Fo from 86.8 to 95.6; Fo =molar Mg/(Mg +
Fe) * 100) in the CE-6 soils, and provide elemental and oxygen
isotopic evidence that the nickel (Ni)-poor, forsteritic olivines are
of Mg-suite origin, whereas the most primitive, Ni-rich olivines
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are likely of mantle origin and compositionally similar to the first
olivines crystallized from the LMO.

Results and discussion
Olivine grains are generally rare in the CE-6 soils21. By employing Tes-
can Integrated Mineral Analysis (TIMA) techniques, we identified 63
olivine grains in approximately 12 milligrams of CE-6 soils
(CE6C0400YJFM005) (Fig. 1 and Supplementary Fig. 1). Half of the
forsteritic olivine grains either occur as single anhedral mineral frag-
ments, or are embedded together with anorthite in impact glasses
(Fig. 1a–c and Supplementary Fig. 1). One particular lithic fragment
(approximately 100 μm in width and 250 μm in length) contains
numerous anhedral to euhedral olivines of approximately 5–50 μm in
size in a groundmass composed of plagioclase, olivine, and spinel
(Fig. 1d). The mineral phases in the groundmass are unfortunately too
fine-grained for accurate analysis. The bulk compositions of the
groundmass, obtained by electron microprobe analysis (EPMA, with a
spot size of 6μm) and semi-quantitative scanning electronmicroscopy
(SEM) analysis, differ significantly from the impact glasses in the CE-6
soils but show similarities to the proposed parental melts of Mg-suite
troctolite (Supplementary Fig. 2a; Supplementary Data 1)22–26. The fine-
grained and spinifex-like textureof the groundmass suggests that it is a
Mg-rich lava that underwent rapid cooling, equivalent to the extrusive

Mg-suite magmatism27,28. The high temperature expected for such
extrusive Mg-rich lavas would be capable of assimilating the anor-
thositic crust and producing Mg-Al spinel23,29–31. Crystal fractionation
simulations applied to the groundmass successfully reproduce theMg-
suite trend, with a crystallization sequence of dunite, troctolite to
norite (Supplementary Fig. 2b, c).

The micro-olivines in the groundmass are generally <3 um in size
and exhibit a narrow Fo range of 91.6 ± 1.2 (n = 9, 1sd) (Figs. 1, 2), which
seems in Fe-Mg equilibrium with the melts of the groundmass (Sup-
plementary Fig. 3). Large olivine crystals generally display skeletal and
erosional morphologies, consisting of a wide compositional interior
zone (Fo = 89.7–95.6) and a narrow overgrowth rim (mostly <1 μm in
width) with Fo= 91.6 ± 0.9 (n = 8, 1sd), which is similar to the micro-
olivines in the groundmass. The olivine rim is too narrow to obtain
accurate data. Three olivine populations were distinguished based on
the texture and chemical composition (Fig. 2 and Supplementary
Fig. 4): Group I olivine is represented by the largest polygonal crystal
(~50μm) with a dissolution feature at the margin. Its interior is
homogenous, with relatively low Fo (89.9–90.8) and low Ni (0–55
ppm); Group II olivine is predominantly hopper-shaped, containing an
irregular, relic core featured by low Fo (89.7–92.4) and low Ni (0–149
ppm), and a more magnesian mantle with higher Fo (92.9–95.4) but
similar Ni contents (8–188 ppm); Group III olivine is polyhedral to
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Fig. 1 | Backscattered electron (BSE) images of the CE-6 olivines.
a–c Representative olivine fragments and d olivine aggregates in the troctolitic
groundmass. Numbers are the Fo values (white) and Ni contents (orange) of oli-
vines (* stands for average values from multiple analyses on a single olivine grain).
LA-ICPMSdata are shown in parentheses if analyzed. G1-3 are representative energy

dispersive spectroscopy (EDS) mappings of the groundmass (outlined in dash
lines). The inclusions in olivines have compositions align with the groundmass. Ol:
olivine; Pl: plagioclase; Spl: spinel. Pyx, pyroxene. Data are reported in Supple-
mentary Data 1.
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hopper in shape, characterized by the highest Fo (92.9–95.6) and
highest Ni (337–682 ppm) amongst all CE-6 olivines. Only a few olivine
grains are large enough for precise measurements of Ni abundance
using laser ablation–inductively coupled plasma mass spectrometry
(LA-ICPMS). The EPMA data generally agree with the LA-ICPMS data
(Supplementary Fig. 5 and Supplementary Data 1), i.e., bimodal dis-
tribution of Ni for olivine.

Oxygen isotopic compositions of the CE-6 olivines (mainly Group
I and III), measured by using in-situ secondary ion mass spectrometry
(SIMS), fall within the range defined by lunar rocks32–34, plotting along

the terrestrial fractionation line (TFL) with a homogenous δ18O value of
5.28 ±0.19 ‰ (1sd) (Fig. 3a and Supplementary Data 2).

Indigenous and endogenous origin of the CE-6 olivines
Forsteritic olivines of exogenous origin have been reported in the lunar
collection35. These olivines were characterized by high FeO/MnO (i.e.,
MnO below detection limit) and extremely low abundances of side-
rophile elements (e.g., <0.008wt% Ni), which were interpreted as rem-
nants of primitive chondritic meteorites impacted onto the lunar
surface35. In contrast, the CE-6 olivines have a narrow FeO/MnO range
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Fig. 2 | Three populations of large olivine grains in the troctolitic groundmass.
a Schematic zoning profiles show the Fo and Ni patterns. Detail electron probe
traverses across olivine crystals are reported in SupplementaryData 1 and shown in

Supplementary Fig. 4. b Violin plots show the Fo and Ni of the olivine interior. The
compositions of micro-olivine are shown as gray bars.

-5

0

5

10

-5 0 5 10 15 20

δ1
7
O

δ18O

TFL

a

4.4

4.8

5.2

5.6

6.0

86 88 90 92 94 96
Fo

5.28 ± 0.19‰(1sd)

δ1
8
O

NIST610

SCO

error bar (1sd) 100

88

76

64

52

40
0 50 100 150 200

FeO/MnO

Fo

Moon

UMMF
LMO

Olivine

b

NWA11421

Fig. 3 | Isotopic and elemental evidence supporting the lunar origin of the CE-6
olivines. a Three oxygen isotopic compositions of the CE-6 olivines (circles). Also
shown are the terrestrial fractionation line (TFL, black line), and oxygen isotopic
compositions of the San Carlos olivine (SCO) and NIST 610 analyzed in this study
(triangles). Error bars represent 1sd of SCO analyses. The inset in (a) is a plot of δ18O
versus Fo of the CE-6 olivines, with the gray bar representing the weighted average

δ18O value. b Fo versus FeO/MnO of the CE-6 olivines (circles). Compositional fields
of lunar and ultramagnesian mafic fragment (UMMF) olivines are after ref. 35.
Compositional field of olivines from the Lunar Magma Ocean (LMO) experiments
are from refs. 7–9,26. The star represents the average olivine composition of the
dunite in NWA 114212. Data are reported in Supplementary Data 1 and 2.
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(53–123; Fig. 3b), consistent with those of other lunar olivines35,36, and a
wide range of Ni abundances (from zero to 682 ppm; Supplementary
Data 1). The lack of mass-independent oxygen isotope fractionation in
CE-6 olivines further supports their indigenous lunar origin. Fagan et al.37

found that impact-derivedolivines in Apollo 14 impactmelts have higher
Fo values compared to the pristine olivines from Apollo 14 and 12 high-
alumina basalts. The lack of difference in Fo between olivine grains that
coexist with the impact glass and those that do not (Supplementary
Fig. 6), suggests that the high Fo of the CE-6 olivines is a pristine feature.

Crustal and mantle origins of the CE-6 olivines
The most forsteritic pristine olivines in lunar crustal rocks are com-
monly associated with ultramafics and troctolites38. Their petrogenesis
may be linked to the pressure-release melting of early LMO cumulates
during mantle overturn, followed by crystallization at crustal
depths22,24,39,40. A prominent feature of these forsteritic olivines in lunar
crustal rocks is their Ni depletion compared to the less magnesian
olivines in mare basalts7,26,40 (Fig. 4). Longhi et al.26 investigated the Ni
abundance in Mg-suite olivines and found that the most forsteritic
olivines in lunarultramafics and troctolites have amaximumNi content
of approximately 300 ppm (Fig. 4). Several models have been pro-
posed to explain the Ni depletion in Mg-suite olivines, such as
remelting of LMO cumulate pile composed of primary dunite, norite
and gabbronorite fluxed in part by KREEP (an acronym for the
incompatibles K, rare-earth elements (REE), and P)26 and small amounts
of metal fractionation from the Mg-suite parental magmas prior to
olivine crystallization39. Despite of different models, Ni depletion is
considered to be a typical signature of olivines of Mg-suite origin.

The Group I and Group II olivines in our CE-6 collection have Ni
contents below 300 ppm, falling within the range defined by Mg-suite
olivines (Fig. 4). We tentatively assign these olivines to a Mg-suite
origin. The Group II olivine exhibits a reverse zoning composed of a
relic, Group I – like olivine core and a more magnesian mantle, sug-
gesting a possible genetic relationship between the two groups. The
reverse zoning can be formedby reaction of a pre-existingGroup I -like
olivine with a new pulse of hotter and more magnesian magma, such
that the entrained olivines partially resorbed and become more Mg-

rich41. The Ni abundances of the mantles are only slightly elevated,
indicating that the introducedmagma is compositionally similar to the
eruptive, Ni-depleted Mg-suite parent magma, but more magnesian.
Overall, the Group I and Group II olivines may represent early formed
Mg-suite olivine cumulates at the crustal level, which were later
entrained into more Mg-rich eruptive lavas and transported to the
surface. This formation mechanism, however, cannot explain the ori-
gin of the Group III olivine.

The Group III olivine, characterized by the highest Fo (Fo92.9-95.6)
and highest Ni contents (337–682 ppm), cannot be easily reconciled
with typical Mg-suite origin. They may crystallize from an ultra-
magnesian lava with Ni contents at least twice as high as those of
typical Mg-suite parent magmas. However, no such ultra-magnesian
lavas or basalts containing such high-Ni forsteritic olivines have been
found in previous lunar collections14,38. Given our still limited under-
standing of lunar rock diversity, we cannot simply rule out the exis-
tence of such new type of ultra-magnesian andNi-rich lavas. If present,
the ultra-magnesian lava would have a similar genesis to the terrestrial
komatiites42, likely being produced by extensive melting of early
mantle cumulates to achieve themostprimitive signature of theGroup
III olivine (Supplementary Fig. 7). The hypothetical Ni-depletion event
accounting for the origin of Mg-suite magmas would not have exerted
an effect, in order to prevent the ultra-magnesian lava from Ni-
depletion. Further in-depth study of the CE-6 returned samples and
future lunar exploration would help test the possible existence of this
new type of lava on the Moon. However, we propose below an alter-
native possibility for the origin of the Group III olivine: the first olivine
crystallized from the LMO.

Laboratory experiments and numerical simulations of LMO solidi-
fication suggest that the Mg-rich olivine is the earliest crystallized
mineral from the cooling magma ocean, with Fo varying from 96.0 to
87.6, corresponding to 0 to ~50% solidification6–9,15–17. Our simulation
utilizes the Earth-like Lunar Primitive Upper Mantle (LPUM)
composition13 as the initial composition of the LMO. The Taylor Whole
Moon (TWM) composition43 has an apparently low Mg-number of 84
that is unable to produce olivine composition with Fo >947,9,15. We also
model theNi content of olivine during the LMO solidification following a
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well-established approach26. The empirical Beattie-Jones model44,45 was
employed to understand the partition of Ni between olivine and liquid:
DNi

Ol/L = 3.346 * DMgO
Ol/L – 3.66544, inwhich theDMgO

Ol/L =MgOOl/MgOL can
be calculated at each step of LMO crystallization. Several studies esti-
mated the initial Ni content of the LMO (also the Bulk Silicate Moon) to
be depleted by a factor of about 3~4 compared to the terrestrial upper
mantle, around 415 ± 105 ppm14,46. Consequently, our simulation on LMO
crystallization is in accordance with previous attempts7,26, demonstrat-
ing that thefirst crystallized olivine has a Fo valueof 96.2withNi content
of 509± 131 ppm (Fig. 4). The Ni content of olivine increases with
ongoing LMO solidification and reaches amaximum at Fo of ~92.4, after
which the Ni content of olivine drops with decreasing Fo (Fig. 4).
Compositions of the Group III olivines correspond well with the mod-
eling results and thus could be of mantle origin. This inference is also
supported by our additional modeling on Ni/Co evolution of olivines
during LMO differentiation (Supplementary Fig. 8).

We acknowledge that the above two hypotheses for the origin of
Group III olivine are not mutually exclusive. Given the equilibrium
crystallization of olivine at the early stage of LMOsolidification and the
formation of the ultra-magnesian magma through high-degree partial
melting of those olivine cumulates, the olivine crystallized from the
ultra-magnesianmagma is expected tohave similar compositions to its
source component, i.e., the early LMO cumulate (Supplementary
Fig. 7). That is, the Group III olivine compositionally resembles the first
olivine crystallized from the LMO.

The travel of CE-6 olivines to the surface
Olivines are generally rare in theCE-6 soils (<0.5%)21. Orbital data of the
SPA basin suggest that the upper mantle in that area is likely domi-
nated by low-Ca pyroxene47–49. A possible explanation for the exposure
of mantle olivines at the SPA basin would be that these olivines were
entrained into the Mg-suite erupted lavas and brought to the surface
(Fig. 5). At the onset of gravitational instability in the early history of
the Moon, the less dense olivine cumulates of the LMO ascended and
invaded into the upper mantle and experienced decompression
melting to produce Mg-suite primary melts22,24,39,40. These Mg-suite
primary melts are generally denser than the anorthositic crust and are
thus predominately intrusive, forming deep-seated Mg-suite
intrusions50. The Group I olivine and the relic core of Group II olivine
formed at this stage. Subsequent SPA basin-forming impact should
have removed the upper anorthositic crust and excavated deep-seated
mafic lithologies, making the major mafic compositional anomaly
associated with the vast SPA basin51,52. The GRAIL data show that the
crustal density at the SPA basin is higher than the Mg-suite primary
melts27,50, making it possible for the eruption of late ultramafic lavas.
These high-degree, more magnesian eruptive lavas would have
entrained mantle olivines (Group III) and crustal olivines (Group I),
resulting in a mixed cargo of olivines formed at variable depths and
conveyed them to the surface. Reaction of this Mg-rich magma with
the less magnesian crustal olivines formed the Group II olivine. Future
searching for potential exposure of mantle materials on the Moon
should be focused on regions where Mg-suite extrusives are
developed.

Methods
Tescan integrated mineral analysis
Major elemental mappings of the CE-6 soils were determined by TIMA
at the Key Laboratory of Orogenic Belts and Crustal Evolution, School
of Earth and Space Sciences, Peking University. The TIMA system
comprises of a Tescan Mira Schottky field-emission scanning electron
microscope with four silicon-drift energy-dispersive (EDS) detectors
arranged at 90° intervals around the chamber. The measurements
were performed in the high-resolution liberation analysis mode, and
the backscattered electron image was obtained to identify individual
particles and boundaries between distinct preliminary phases. A

rectangular mesh of measurements on each distinct phase was
obtainedwith X-ray spectra. TIMAwas performed at 25 kV using a spot
size of ~1 μm, a working distance of 15mm, and a field size set at
1500 μm.

Scanning electron microscopy and energy dispersive spectro-
scopy analyses
The fine backscattered electron (BSE) images and energy dispersive
spectroscopy (EDS) mapping with semi-quantitative elemental ana-
lyses were performed using a Zeiss Supra 55 field-emission scanning
electron microscope (FESEM) with an X-ray energy dispersive spec-
trometer, at the State Key Laboratory of Biogeology and Environ-
mental Geology, China University of Geosciences, Beijing (CUGB). The
EDS mappings with semi-quantitative elemental analyses were per-
formed at an accelerating voltage of 20 kV and a working distance of
15mm. Minerals as well as synthetic phases (MINM25-53) were used as
standards. Data are reported in Supplementary Data 1.

Electron microprobe analysis
The major and trace element compositions of olivines were deter-
mined using a JOEL JXA-iHP200F field emission EPMA electron
microprobe at the Institute of Mineral Resources, Chinese Academy of
Geological Sciences (CAGS). The olivines were analyzed at an accel-
eration voltage of 15 kV a probe current of 20 nA, and a focused beam
diameter of ~1μm.Thepeakcounting timewas 100 s forNi, 60 s for Ca,
Al, Cr, Mn, Co and 10 s for Si, Mg, Fe, Ti, Na, K. The background time

  Extrusive 
Mg-rich lava

Anorthositic crust

Mg#

Fo

Intrusive Mg-suite 

Increasing

Fig. 5 | Cartoon showing the transportation and exposure ofmantle olivines in
the SPAbasin. LMOolivine cumulates are shown in greenwhereasMg-suite olivine
cumulates are shown in yellow. See text for details.
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was half of peak time. The detection limit was 0.006wt.% for Ni,
0.028wt.% for Co, 0.031wt.% for Cr and 0.006–0.03wt.% for other
elements. A random set of olivine grains covering the entire range of
Fo was further analyzed by using EPMA1720 electron microprobe at
the EPMA Lab, CUGB. Both labs in CAGS and CUGB yield consistent
data, further confirming the data quality (Supplementary Fig. 9). Data
are reported in Supplementary Data 1.

In situ trace element analysis
Siderophile elements including Ni, Co and Cr and Mn of olivines were
further determined using laser ablation–inductively coupled
plasma–mass spectrometry (LA-ICPMS) employing an Element XR HR-
ICP-MS instrument coupled to a GeolasHD 193nm ArF excimer LA
system at the Institute of Geology andGeophysics, Chinese Academy of
Sciences (IGGCAS). Helium was used as the ablation gas to improve the
transport efficiency of the ablated aerosols. All measurements were
conducted at 2Hz frequency. The laser energy density was approxi-
mately 4.0 J cm-2. The analyseswere conducted using a laser diameter of
10 μm. ARM-153 reference glass was used for external calibration (Si was
used as a standard for data reduction). Olivine MongOLSh11-254 and
silicate glass GOR132-G55 were used for quality controlmonitoring. Each
set of standard samples, including ARM-1, GOR132-G andMongOLSh11-
2, was analyzed once every 2 unknown samples were interspersed. The
data obtained during ablation runs were processed using the Iolite
3.4 software with an in-house-built data reduction scheme mode56 with
the bulk normalization as 100wt.% strategy. Data are reported in Sup-
plementary Data 1. The analyses of reference materials MongOLSh11-2
and GOR132-G are given in Supplementary Data 3 and Supplementary
Fig. 10, agreeing with published data. Their quoted uncertainties are
defined as two times the standard error (2SE).

In situ SIMS oxygen isotope analysis
Oxygen isotopic ratios of forsteritic olivines were analyzed using a
CAMECA IMS-1280 multicollector ion probe at the IGGCAS. The Cs+
primary beam was accelerated at 10 kV with an intensity of ~2 nA. The
spot is approximately 15 μm in diameter. An electron gun was used to
compensate for sample charging during the analysis. Secondary ions
were extracted at a potential of -10kV.Oxygen isotopesweremeasured
in multi-collector mode with two off-axis Faraday cups. Each analysis
consisted of 200 cycles with 2-s counting time. We analyzed the
reference materials San Carlos olivine and NIST SRM 610 after ana-
lyzing every three unknown samples in the experiment to monitor
analytical precision and calibrate instrumental mass fractionation. The
averageδ18O value for SanCarlos olivine is 5.25‰ in this study,which is
similar to the reported certified value of 5.3 ‰57. The external repro-
ducibility of the referencematerials was 0.11–0.19‰ and 0.16–0.22‰

for δ18O and δ17O (1sd) over two days of analyses, respectively. Data are
reported in Supplementary Data 2.

Modeling of Ni and Co content of olivines during LMO
solidification
We modeled the solidification of the LMO following a two-stage crys-
tallization strategy6,7,15,17,58. The first 50 vol.% solidification process was
assumed to be the equilibrium crystallization, followed by the frac-
tional crystallization at >50vol.% in stepswith each representing 1/10th
of the total magma ocean volume58. The initial depth of the LMO was
assumed tobe 1000 kmbasedongeophysical constraints11,59. For every
step, input pressure of the calculation was set to correspond to the
middle depth of the LMO58. The oxygen fugacity was set at the iron-
wüstite (IW) buffer. The first 50 vol.% solidification process was mod-
eled by GeoPS60 using the thermodynamic database HP63361 and
solution models for melt, olivine, orthopyroxene, clinopyroxene and
feldspar from ref. 62. Calculated step was set as 300. The following
fractional crystallization was modeled by the menu-driven alpha-
MELTS interface (version 2.1) to run the subroutine version of rhyolite-

MELTS63,64. Phase equilibrium calculations from liquidus to solidus in
1 °C increments were performed.

For Ni and Co, the concentration of the early LMO during equili-
brium crystallization at step m, Cl

m, is given by:

Cl
m =

Cl
0*W0

Wl
m +DOl*W

Ol
m +DOpx*W

Opx
m

ð1Þ

Where Cl
0 and W0 stands for initial composition andmass of the LMO,

respectively;
while the Ni and Co concentration of the early LMO during frac-

tional crystallization is given by:

Cl
m =

Cl
m�1*W

l
m�1

Wl
m +DOl*W

Ol
m +DOpx*W

Opx
m

ð2Þ

Where Cl
m�1 and Wl

m�1 stands for composition and remaining mass of
the LMO at step m −1, respectively; Di and Wi stands for partition
coefficient and mass of phase i respectively. The initial Ni and Co con-
tent of the LMOwere taken from ref. 46. Previous studies have revealed
that the olivine-melt and orthopyroxene-melt partition coefficients of
Ni and Co should be functions of DMg

44,45. Thus, those partition
coefficients would be functions of per cent solidified (PCS) of the LMO.

The Ni and Co contents of mantle olivines are then given by:

COl
m =DOl*C

l
m ð3Þ

Equilibrium melting modeling of the LMO cumulate pile at 50
per cent solidified
We chose the GeOPS to model the olivine composition during equili-
briummeltingmodel of the LMOcumulate pile at 50PCS7, from a LMO
with an initial composition of the LPUM13 (LPUMcp). Input pressure of
the calculation was set to correspond to the depth of the remaining
LMO at 50 PCS. The oxygen fugacity was set at the iron-wüstite (IW)
buffer. The major elemental compositions of the LPUMcp were cal-
culated from LMO crystallizationmodeling result in this study with 3%
trapped instantaneous residual liquid (TIRL) at 50 PCS, and taken from
ref. 7, respectively. The equilibrium melting was modeled using the
thermodynamic database HP63361 and solution models for melt, oli-
vine, orthopyroxene, clinopyroxene and feldspar from ref. 62. Calcu-
lated step was set as 300.

The Ni concentration of the equilibratedmelt during remelting of
early LMO cumulates at step m, Cl

m, is given by:

Cl
m =

C0
s *W0

Wl
m +DOl*W

Ol
m +DOpx*W

Opx
m

ð4Þ

Where C0
s and W0 stands for initial Ni content and mass of LPUMcp,

respectively; Di and Wi stands for partition coefficient and mass of
phase i, respectively. The initial Ni content of the LPUMcp in this study
wasobtainedbyperforming aNimassbalanceof theminerals andTIRL
at 50 PCS. The initial Ni content of the LPUMcp from ref. 7 was
obtained by first calculating the proportion of olivine, orthopyroxene
and the remaining LMO liquid using the averagemineral compositions
at 50 PCS from their experiments and composition of the LPUMcp
given in their study7. The Ni content of the remaining LMO liquid at 50
PCS can be calculated with initial Ni content of the LMO from ref. 46
through a mass balance calculation of the minerals and TIRL.

The Ni content of olivine equilibrated with the melt is then given
by:

COl
m =DOl*C

l
m ð5Þ

Model results are shown in Supplementary Fig. 7.
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Fractional crystallization modeling of the groundmass
PETROLOG program65 was applied to perform crystal fractionation
simulation on the groundmass. Our modeling was set as pure (100%)
crystal fractionation at a constant pressure (1 bar). The calculation step
was set as 1%. Mineral-melt equilibrium models used here are as fol-
lows: olivine66, plagioclase67, orthopyroxene68, clinopyroxene69 and
spinel70. The fo2 was set at the iron-wüstite (IW) buffer. The crystal
fractionation modeling ceased when Cr2O3 < 0wt.%. The crystal-
lization trend of the groundmass in terms of Mg# of mafic minerals
versus An of plagioclase is shown in Supplementary Fig. 2b; the crys-
tallized mineral assemblages are consistent with petrological char-
acteristics of the Mg-suite rocks and shown in Supplementary Fig. 2c.

Data availability
All data generated in this study are provided in the Supplementary
Information files.

Code availability
The software and data files used for phase equilibria modeling are
available at http://www.geops.org/zh-cn/ and https://magmasource.
caltech.edu/forum/index.php/board,31.0.html. The software used for
crystallization modeling can be accessed at http://petrolog.web.ru.

References
1. Moriarty, D. P. III, Dygert, N., Valencia, S. N.,Watkins, R. N. &Petro, N.

E. The search for lunar mantle rocks exposed on the surface of the
Moon. Nat. Commun. 12, 4659 (2021).

2. Treiman, A. H. & Semprich, J. A dunite fragment in meteorite
Northwest Africa (NWA) 11421: A piece of the Moon’s mantle. Am.
Mineralogist 108, 2182–2192 (2023).

3. Shearer, C. K., Burger, P. V., Bell, A. S., Guan, Y. & Neal, C. R.
Exploring the Moon’s surface for remnants of the lunar mantle 1.
Dunite xenoliths in mare basalts. A crustal or mantle origin?
Meteorit. Planet. Sci. 50, 1449–1467 (2015).

4. Shearer, C., Moriarty, D., Simon, S., Petro, N. & Papike, J. Where is
the lunar mantle and deep crust at Crisium? A perspective from the
Luna 20 samples. J. Geophys. Res. Planets 128, e2022JE007409
(2023).

5. Wieczorek, M. A. et al. The constitution and structure of the lunar
interior. Rev. Mineral. Geochem. 60, 221–364 (2006).

6. Elkins-Tanton, L. T., Burgess, S. & Yin,Q.-Z. The lunarmagmaocean:
Reconciling the solidification process with lunar petrology and
geochronology. Earth Planet. Sci. Lett. 304, 326–336 (2011).

7. Elardo, S. M., Draper, D. S. & Shearer, C. K. Jr Lunar Magma Ocean
crystallization revisited: Bulk composition, early cumulate miner-
alogy, and the source regions of the highlands Mg-suite. Geochim.
Cosmochimica Acta 75, 3024–3045 (2011).

8. Rapp, J. & Draper, D. Fractional crystallization of the lunar magma
ocean: Updating the dominant paradigm. Meteorit. Planet. Sci. 53,
1432–1455 (2018).

9. Charlier, B., Grove, T. L., Namur, O. & Holtz, F. Crystallization of the
lunar magma ocean and the primordial mantle-crust differentiation
of the Moon. Geochim. Cosmochimica Acta 234, 50–69 (2018).

10. Kuskov, O. & Kronrod, V. Geochemical constraints on the model of
the composition and thermal conditions of the Moon according to
seismic data. Izvestiya Phys. Solid Earth 45, 753–768 (2009).

11. Zhao, D., Arai, T., Liu, L. & Ohtani, E. Seismic tomography and
geochemical evidence for lunar mantle heterogeneity: comparing
with Earth. Glob. Planet. Change 90, 29–36 (2012).

12. Shearer, C. & Papike, J. Basaltic magmatism on the Moon: A per-
spective from volcanic picritic glass beads. Geochim. Cosmochi-
mica Acta 57, 4785–4812 (1993).

13. Longhi, J. Petrogenesis of picritic maremagmas: constraints on the
extent of early lunar differentiation. Geochim. Cosmochimica Acta
70, 5919–5934 (2006).

14. Delano, J. W. Abundances of cobalt, nickel, and volatiles in the sili-
cate portion of the Moon, 231–247 (Origin of the Moon, 1986).

15. Johnson, T., Morrissey, L., Nemchin, A., Gardiner, N. & Snape, J. The
phases of the Moon: Modelling crystallisation of the lunar magma
ocean through equilibrium thermodynamics. Earth Planet. Sci. Lett.
556, 116721 (2021).

16. Lin, Y., Tronche, E. J., Steenstra, E. S. & van Westrenen, W. Experi-
mental constraints on the solidification of a nominally dry lunar
magma ocean. Earth Planet. Sci. Lett. 471, 104–116 (2017).

17. Snyder, G. A., Taylor, L. A. & Neal, C. R. A chemical model for
generating the sources of mare basalts: Combined equilibrium and
fractional crystallization of the lunar magmasphere. Geochim.
Cosmochimica Acta 56, 3809–3823 (1992).

18. Wood, J. A., Dickey, J. S. Jr, Marvin, U. B. & Powell, B. N. Lunar
anorthosites. Science 167, 602–604 (1970).

19. Hess, P. C. & Parmentier, E. A model for the thermal and chemical
evolution of the Moon’s interior: Implications for the onset of mare
volcanism. Earth Planet. Sci. Lett. 134, 501–514 (1995).

20. Kuskov, O., Kronrod, E. & Kronrod, V. Chemical Composition,
Mineralogy and Physical Properties of the Mantle of the Moon: a
Review. Geohim.â 69, 1070–1138 (2024).

21. Li, C. et al. Nature of the lunar farside samples returned by the
Chang’E-6 mission. Natl Sci. Rev. 11, nwae328 (2024).

22. Elardo, S. M., Laneuville, M., McCubbin, F. M. & Shearer, C. K. Early
crust building enhancedon theMoon’s nearsidebymantlemelting-
point depression. Nat. Geosci. 13, 339–343 (2020).

23. Prissel, T. C., Parman, S. W. & Head, J. W. Formation of the lunar
highlands Mg-suite as told by spinel. Am. Mineralogist 101,
1624–1635 (2016).

24. Prissel, T. C. & Gross, J. On the petrogenesis of lunar troctolites:
New insights into cumulate mantle overturn & mantle exposures in
impact basins. Earth Planet. Sci. Lett. 551, 116531 (2020).

25. Ariskin, A. Parental magmas of lunar troctolites: Genetic problems
and estimated original compositions. Geochem. Int. 45,
413–427 (2007).

26. Longhi, J., Durand, S. R. & Walker, D. The pattern of Ni and Co
abundances in lunar olivines. Geochim. Cosmochimica Acta 74,
784–798 (2010).

27. Prissel, T. C., Whitten, J. L., Parman, S. W. & Head, J. W. On the
potential for lunar highlands Mg-suite extrusive volcanism and
implicationsconcerningcrustal evolution. Icarus277, 319–329 (2016).

28. Stadermann, A. C., Barnes, J. J., Erickson, T. M., Prissel, T. C. &
Michels, Z. D. Evidence for Extrusive Mg‐Suite Magmatism on the
Moon? Fine‐Grained Magnesian Clasts in an Apollo 16 Impact Melt
Breccia. J. Geophys. Res. Planets 128, e2022JE007728
(2023).

29. Prissel, T. et al. Pink Moon: The petrogenesis of pink spinel anor-
thosites and implications concerning Mg-suite magmatism. Earth
Planet. Sci. Lett. 403, 144–156 (2014).

30. Gross, J., Isaacson, P. J., Treiman, A. H., Le, L. &Gorman, J. K. Spinel-
rich lithologies in the lunar highland crust: Linking lunar samples
with crystallization experiments and remote sensing. Am. Miner-
alogist 99, 1849–1859 (2014).

31. Treiman, A. H., Kulis,M. J. &Glazner, A. F. Spinel-anorthosites on the
Moon: Impact melt origins suggested by enthalpy constraints. Am.
Mineralogist 104, 370–384 (2019).

32. Hallis, L. et al. The oxygen isotope composition, petrology and
geochemistry of mare basalts: evidence for large-scale composi-
tional variation in the lunar mantle. Geochim. Cosmochimica Acta
74, 6885–6899 (2010).

33. Spicuzza,M. J., Day, J.M., Taylor, L. A. &Valley, J.W.Oxygen isotope
constraints on the origin and differentiation of the Moon. Earth
Planet. Sci. Lett. 253, 254–265 (2007).

34. Wiechert, U. et al. Oxygen isotopes and the Moon-forming giant
impact. Science 294, 345–348 (2001).

Article https://doi.org/10.1038/s41467-025-58820-4

Nature Communications | (2025) 16:3759 7

http://www.geops.org/zh-cn/
https://magmasource.caltech.edu/forum/index.php/board,31.0.html
https://magmasource.caltech.edu/forum/index.php/board,31.0.html
http://petrolog.web.ru
www.nature.com/naturecommunications


35. Joy, K. H. et al. Direct detection of projectile relics from the end of
the lunar basin–forming epoch. Science 336, 1426–1429 (2012).

36. Karner, J., Papike, J. & Shearer, C. Olivine from planetary basalts:
Chemical signatures that indicate planetary parentage and those
that record igneous setting and process. Am. Mineralogist 88,
806–816 (2003).

37. Fagan, A., Neal, C., Simonetti, A., Donohue, P. & O’Sullivan, K. Dis-
tinguishing between Apollo 14 impactmelt andpristinemare basalt
samples by geochemical and textural analyses of olivine.Geochim.
Cosmochimica Acta 106, 429–445 (2013).

38. Shearer, C. K., Elardo, S. M., Petro, N. E., Borg, L. E. & McCubbin, F.
M. Origin of the lunar highlands Mg-suite: An integrated petrology,
geochemistry, chronology, and remote sensing perspective. Am.
Mineralogist 100, 294–325 (2015).

39. Hess, P. C. Petrogenesis of lunar troctolites. J. Geophys. Res. Planets
99, 19083–19093 (1994).

40. Shearer, C. K. & Papike, J. Early crustal building processes on the
moon: Models for the petrogenesis of the magnesian suite. Geo-
chim. Cosmochimica Acta 69, 3445–3461 (2005).

41. Kohn, S., Henderson, C. & Mason, R. Element zoning trends in oli-
vine phenocrysts from a supposed primary high-magnesian ande-
site: an electron-and ion-microprobe study.Contrib. Mineral. Petrol.
103, 242–252 (1989).

42. Wilson, A. & Bolhar, R. Olivine in komatiite records origin and travel
from the deep upper mantle. Geology 50, 351–355 (2022).

43. Taylor, S. R. Lunar and terrestrial crusts: a constrast in origin and
evolution. Phys. Earth Planet. Inter. 29, 233–241 (1982).

44. Beattie, P., Ford, C. & Russell, D. Partition coefficients for olivine-
melt andorthopyroxene-melt systems.Contrib.Mineral. Petrol. 109,
212–224 (1991).

45. Jones, J. H. Temperature and pressure-independent correlations of
olivine/liquid partition coefficients and their application to trace
element partitioning. Contrib. Mineral. Petrol. 88, 126–132 (1984).

46. Steenstra, E. S. & van Westrenen, W. Siderophile elements in the
lunar mantle. In Encyclopedia of Lunar Science 1089–1096
(Springer, Cham, 2023).

47. Ohtake, M. et al. Geologic structure generated by large‐impact
basin formation observed at the South Pole‐Aitken basin on the
Moon. Geophys. Res. Lett. 41, 2738–2745 (2014).

48. Melosh, H. et al. South Pole–Aitken basin ejecta reveal the Moon’s
upper mantle. Geology 45, 1063–1066 (2017).

49. Nakamura, R. et al. Ultramafic impactmelt sheet beneath the South
Pole–Aitken basin on the Moon.Geophys. Res. Lett. 36, https://doi.
org/10.1029/2009GL040765 (2009).

50. Wieczorek, M. A. et al. The crust of the Moon as seen by GRAIL.
Science 339, 671–675 (2013).

51. Pieters, C. M., Tompkins, S., Head, J. & Hess, P. Mineralogy of the
mafic anomaly in the South Pole‐Aitken Basin: Implications for exca-
vation of the lunar mantle. Geophys. Res. Lett. 24, 1903–1906 (1997).

52. Belton, M. J. et al. Lunar impact basins and crustal heterogeneity:
New western limb and far side data from Galileo. Science 255,
570–576 (1992).

53. Wu, S. et al. The preparation and preliminary characterisation of
three synthetic andesite reference glass materials (ARM‐1, ARM‐2,
ARM‐3) for in situ microanalysis. Geostand. Geoanalytical Res. 43,
567–584 (2019).

54. Batanova, V. G. et al. New olivine reference material for in situ
microanalysis. Geostand. Geoanal. Res. 43, 453–473 (2019).

55. Jochum, K. P. et al. MPI-DING reference glasses for in situ micro-
analysis: new reference values for element concentrations and
isotope ratios. Geochem. Geophys. Geosyst. https://doi.org/10.
1029/2005GC001060 (2006).

56. Shi-Tou, W., Huang, C., Lie-Wen, X., Yue-Heng, Y. & Jin-Hui, Y. Iolite
based bulk normalization as 100%(m/m) quantification strategy for
reduction of laser ablation-inductively coupled plasma-mass

spectrometry transient signal. Chin. J. Anal. Chem. 46,
1628–1636 (2018).

57. Eiler, J. M., Graham, C. & Valley, J. W. SIMS analysis of oxygen
isotopes: matrix effects in complex minerals and glasses. Chem.
Geol. 138, 221–244 (1997).

58. Arai, T. & Maruyama, S. Formation of anorthosite on the Moon
through magma ocean fractional crystallization. Geosci. Front. 8,
299–308 (2017).

59. Harada,Y. et al. Strong tidal heating inanultralow-viscosity zoneat the
core–mantle boundary of the Moon. Nat. Geosci. 7, 569–572 (2014).

60. Xiang, H. & Connolly, J. A. GeoPS: An interactive visual computing
tool for thermodynamic modelling of phase equilibria. J. Meta-
morphic Geol. 40, 243–255 (2022).

61. Holland, T. & Powell, R. An improved and extended internally con-
sistent thermodynamic dataset for phases of petrological interest,
involving a new equation of state for solids. J. Metamorphic Geol.
29, 333–383 (2011).

62. Holland, T. J., Green, E. C. & Powell, R. Melting of peridotites
through to granites: a simple thermodynamic model in the system
KNCFMASHTOCr. J. Petrol. 59, 881–900 (2018).

63. Smith, P. M. & Asimow, P. D. Adiabat_1ph: A new public front-end to
the MELTS, pMELTS, and pHMELTS models. Geochem. Geophys.
Geosyst. 6, https://doi.org/10.1029/2004GC000816 (2005).

64. Gualda, G. A., Ghiorso, M. S., Lemons, R. V. & Carley, T. L. Rhyolite-
MELTS: a modified calibration of MELTS optimized for silica-rich,
fluid-bearing magmatic systems. J. Petrol. 53, 875–890 (2012).

65. Danyushevsky, L. V. & Plechov, P. Petrolog3: Integrated software for
modeling crystallization processes. Geochem. Geophys. Geosyst.
12, https://doi.org/10.1029/2011GC003516 (2011).

66. Ford, C., Russell, D., Craven, J. & Fisk, M. Olivine-liquid equilibria:
temperature, pressure and composition dependence of the crystal/
liquid cation partition coefficients forMg, Fe2+, Ca andMn. J. Petrol.
24, 256–266 (1983).

67. Ariskin, A. A., Frenkel, M. Y., Barmina, G. S. & Nielsen, R. L.
COMAGMAT: a Fortran program to model magma differentiation
processes. Comput. Geosci. 19, 1155–1170 (1993).

68. Beattie, P. Olivine-melt and orthopyroxene-melt equilibria. Contrib.
Mineral. Petrol. 115, 103–111 (1993).

69. Danyushevsky, L. V. The effect of small amounts of H2O on crys-
tallisation of mid-ocean ridge and backarc basin magmas. J. Vol-
canol. Geotherm. Res. 110, 265–280 (2001).

70. Nielsen, R. L. EQUIL: a program for the modeling of low-pressure
differentiation processes in natural mafic magma bodies. Comput.
Geosci. 11, 531–546 (1985).

71. Papike, J., Fowler,G., Adcock,C. &Shearer, C. Systematics ofNi and
Co in olivine from planetary melt systems: Lunar mare basalts. Am.
Mineralogist 84, 392–399 (1999).

72. Simon, S. B. et al. Multiple shallow crustal origins for spinel‐bearing
lithologies on theMoon: A perspective from the Luna 20mission. J.
Geophys. Res. Planets 127, e2022JE007249 (2022).

Acknowledgements
We thank the China National Space Administration Agency for providing
access to the Chang’e-6 returned sample (CE6C0400YJFM005).We are
grateful to Dongjie Tang, Baozeng Xie, Chenming Wang and Xiaodan
Chen for their support on EDS and EPMA analyses, and Guoqiang Tang
for SIMS oxygen isotopic analysis. This project was jointly supported by
the National Natural Science Foundation of China (42225301) to Q.L.L.,
and Fundamental Research Funds for the Central Universities (Grant
2652023001 and 2652023003) to S.J.W. B.Z. thanks the National nature
Science Foundation of China (4224100313).

Author contributions
S.J.W. conceptualized the study. S.Z.S. and J.X.H. collected the data.
S.Z.S. performed geochemistry modeling. Q.L.L., H.W., S.T.W., Z.Y.C.,

Article https://doi.org/10.1038/s41467-025-58820-4

Nature Communications | (2025) 16:3759 8

https://doi.org/10.1029/2009GL040765
https://doi.org/10.1029/2009GL040765
https://doi.org/10.1029/2005GC001060
https://doi.org/10.1029/2005GC001060
https://doi.org/10.1029/2004GC000816
https://doi.org/10.1029/2011GC003516
www.nature.com/naturecommunications


J.H.H., B.Z., Y.S.H., and J.M.Z. contributed to the interpretation of the
results. S.J.W. andS.Z.S.wrote themanuscriptwith input fromall authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-58820-4.

Correspondence and requests for materials should be addressed to
Shui-Jiong Wang.

Peer review information Nature Communications thanks Allan Treiman
and the other, anonymous, reviewer for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025, corrected publication 2025

Article https://doi.org/10.1038/s41467-025-58820-4

Nature Communications | (2025) 16:3759 9

https://doi.org/10.1038/s41467-025-58820-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Lunar primitive mantle olivine returned by Chang’e-6
	Results and discussion
	Indigenous and endogenous origin of the CE-6 olivines
	Crustal and mantle origins of the CE-6 olivines
	The travel of CE-6 olivines to the surface

	Methods
	Tescan integrated mineral analysis
	Scanning electron microscopy and energy dispersive spectroscopy analyses
	Electron microprobe analysis
	In situ trace element analysis
	In situ SIMS oxygen isotope analysis
	Modeling of Ni and Co content of olivines during LMO solidification
	Equilibrium melting modeling of the LMO cumulate pile at 50 per cent solidified
	Fractional crystallization modeling of the groundmass

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




