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S P A C E  S C I E N C E S

Fusible mantle cumulates trigger young mare 
volcanism on the cooling Moon
Bin Su1†*, Jiangyan Yuan1†, Yi Chen1*, Wei Yang2, Ross N. Mitchell1, Hejiu Hui3,4, Hao Wang1, 
Hengci Tian2, Xian-Hua Li1, Fu-Yuan Wu1

The Chang’E-5 (CE5) mission has demonstrated that lunar volcanism was still active until two billion years ago, 
much younger than the previous isotopically dated lunar basalts. How the small Moon retained enough heat to 
drive such late volcanism is unknown, particularly as the CE5 mantle source was anhydrous and depleted in 
heat-producing elements. We conduct fractional crystallization and mantle melting simulations that show that 
mantle melting point depression by the presence of fusible, easily melted components could trigger young volca-
nism. Enriched in calcium oxide and titanium dioxide compared to older Apollo magmas, the young CE5 magma 
was, thus, sourced from the overturn of the late-stage fusible cumulates of the lunar magma ocean. Mantle melt-
ing point depression is the first mechanism to account for young volcanism on the Moon that is consistent with 
the newly returned CE5 basalts.

INTRODUCTION
As observed from Earth, the Moon is two-toned, with the bright 
anorthositic highlands and the dark basaltic maria. The former were 
formed by plagioclase flotation in the lunar magma ocean (LMO) 
(1, 2), and the latter are considered to have formed by the remelting 
of the LMO cumulate mantle (3, 4). Although mare basalts make up 
<1% by volume of the lunar crust, they provide essential informa-
tion for the origin and evolution of the lunar interior (4, 5). For in-
stance, the compositions of mare basalts are influenced by melting 
temperature and pressure conditions, serving as probes into the 
Moon’s thermal state (6, 7). Mare basalts returned by the Apollo and 
Luna missions indicated that lunar volcanism was concentrated be-
tween ca. 3.8 and 3.1 billion years (Ga) ago (8), with the youngest 
dated volcanism at 2.9 to 2.8 Ga ago (9). The new mare basalt sam-
ples returned by the Chang’E-5 (CE5) mission, however, extend the 
eruption ages of lunar volcanism to ca. 2.0 Ga ago (10, 11). This 
notable finding thus raises the question of how the young volcanism 
was generated on the cooling Moon. Furthermore, its eruption was 
related neither to radiogenic heating (10–12) nor to hydrous melt-
ing (13), compelling the consideration of other mechanisms.

To address this issue, one should first ascertain the source mate-
rials and melting conditions of the CE5 basalts. The lunar mantle is 
thought to be compositionally heterogeneous (14, 15) and has not 
yet been sampled. Therefore, it is difficult to forward model lunar 
mantle melting. In addition, most mare basalts have undergone 
fractional crystallization during eruption, making their compositions 
deviate to different degrees from those of their primary magmas 
(4, 6). Hence, unraveling the fractional crystallization processes to 
define primary magma compositions becomes the key to under-
standing mare basalt petrogenesis. The ancient Apollo basalts are 

proposed to have undergone <~30% olivine-dominated fraction-
ation (6, 16), whereas the young CE5 basalts underwent more ex-
tensive (43 to 78%) fractional crystallization (12). Whether these 
different eras of mare volcanism had a similar primary magma or 
originated from distinct sources or depths reflecting the Moon’s 
thermal evolution is unknown. Distinguishing the petrogenesis of 
mare basalts over time can help decode the cause of the young lunar 
volcanic activity.

RESULTS AND DISCUSSION
This study selected 27 representative basalt clasts in the CE5 soil 
samples for bulk rock major element analyses. All clasts have parti-
cle sizes of >500 m so as to contain abundant mineral grains in 
each clast. These clasts consist mainly of clinopyroxene, plagioclase, 
ilmenite, and olivine, with minor Cr-spinel, troilite, and mesostasis 
(fig. S1) (17). As compositional zoning in olivine and clinopyroxene 
is ubiquitous (12), bulk major element compositions of these clasts 
were measured using scanning electron microscopy and energy- 
dispersive x-ray spectroscopy quantitative mapping techniques (see 
Materials and Methods) (18). Our analytical results show that the 
CE5 basalts mostly have <6 weight % (wt %) of TiO2 (average of 
5.5 wt %; table S1) and can be classified as low-Ti type (3). The low-
Ti classification is further supported by titanium in olivine (19) and 
the appearance of tabular to lamellar ilmenite cross-cutting the 
early olivine and clinopyroxene (fig. S2), which differ from the 
Apollo high-Ti basalts (6, 16). The mineral compositions, isoto-
pic chemistry, and geochronology together reveal that the CE5 
basalt clasts most likely originated from a single lava flow (11, 12). 
To synthetically evaluate the fractional crystallization processes of 
the old (ca. 3.8 to 3.1 Ga ago) volcanism, all Apollo basalt data used 
here are non-site specific and are analyzed using kernel density es-
timation (Fig. 1). This estimation can diminish the influence of 
magmatic assimilation and highlight the degree of fractional 
crystallization. Compared with Apollo samples (20–22), the most 
prominent feature of CE5 basalts is the relatively low MgO con-
tents (Fig. 1), matching with their lower Mg# [Mg/(Mg + Fe)] of 
olivine and clinopyroxene (12, 17). In the following sections, we con-
duct a series of modeling simulations—fractional crystallization, 
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source hybridization, and mantle melting—to compare CE5 basalts 
with their Apollo counterparts.

Distinctive primary magma compositions
In the MgO versus Al2O3 plot (Fig. 1C), the CE5 and Apollo basalts 
broadly yield a potential fractional crystallization trend. This may 
suggest that they were derived from a similar primary magma. To 
test this idea, we carried out fractional crystallization modeling us-
ing the PETROLOG program (see Materials and Methods) (23). As 
Cr-spinel in the CE5 basalts appears as an early-stage crystallization 
phase (fig. S1G) and ilmenite represents a late-stage crystallization 
phase (fig. S2), these basalts cannot evolve from a high-Ti primary 
magma. Thus, the case of high-Ti magma crystallization can be ex-
cluded in our modeling. A starting composition close to picritic ba-
salt 15387 (MgO = 17.4 wt % and TiO2 = 1.67 wt %) (24) was used 
for preliminary modeling (red pentagon in Fig. 1 and table S2). This 
composition is at the high-MgO end of the Apollo basalts and falls 
within the range of green picritic glasses, making it a good candi-
date for the primary magma (as shown in fig. S3, assuming primary 
compositions with lower or higher MgO would not influence the 
fractionation trends). Our modeling at 1 kbar shows that olivine 
is a high-temperature liquidus phase, whereas clinopyroxene, pla-
gioclase, and ilmenite crystallize at lower temperatures. The model-
ing reproduces the overall variations observed in the Apollo basalts, 
especially in terms of Al2O3 and CaO versus MgO (solid dark blue 

line in Fig. 1). The CaO contents increase steadily as MgO decreases, 
indicating that the Apollo basalts underwent olivine-dominated 
fractionation, consistent with previous studies (6, 16). The Apollo 
basalts have variable SiO2 and FeO contents, and thus, the starting 
compositions for the primary magma must be extended across a 
large range (Fig. 1 and table S2). The modeling trends (solid green 
and purple lines) span almost all compositions of Apollo basalts ex-
cept for the high-Ti and the high-Al groups, which might result 
from assimilation (25, 26). In contrast, the CE5 basalts deviate from 
these trends, with higher CaO and TiO2, but lower SiO2, contents. 
Even if high-pressure (5 to 15 kbar) fractional crystallization is con-
sidered, the CE5 basalts still exhibit higher CaO and TiO2 contents 
than the deduced fractionation trends. Hence, it is likely that the CE5 
and Apollo basalts were derived from different primary magmas.

To restore the primary magma compositions of the CE5 basalts, 
we used a reverse fractional crystallization method with the 
PETROLOG program (23). The principle is the addition of frac-
tionated minerals back into the melt to move the melt composition up 
along the liquid line of descent toward more primitive composition. 
Mineral compositions used for the reverse modeling are determined 
through an iterative procedure with the PETROLOG program. 
The CE5 basalts show a roughly positive correlation (r2 = 0.26) 
between CaO and MgO (Fig. 2D), indicating clinopyroxene as be-
ing part of the fractionating assemblage. Increasing Al2O3 with de-
creasing MgO implies that plagioclase was not a major fractionating 
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phase (Fig. 2C), especially for MgO-rich samples. Thus, clinopyroxene 
was first added to the most MgO-enriched CE5 sample and then 
followed by olivine in the reverse fractionation modeling. It is un-
certain how much clinopyroxene should be added before olivine 
appears. As a sensitivity test, we added 0, 10, or 20 mass % of clino-
pyroxene (Fig. 2). Although these options result in slightly different 
estimations for the primary magma compositions, they exert little 
influence on the fractionation trends for Mg-poor samples such as the 
CE5 basalts. Excess olivine was added in the reverse fractionation 
modeling, and the exact quantity will be constrained by mantle 
melting calculations (see the following section). Despite this semi-
quantitative modeling here, the primitive compositions of CE5 basalts 
have higher CaO and TiO2 contents than Apollo primary magmas 
(gradient color bar in Fig. 2). These primitive compositions may rep-
resent the primary magma or result from assimilation or crystal 
accumulation. Assimilation of subcrustal clinopyroxene-ilmenite cu-
mulates could simultaneously elevate CaO and TiO2 contents in the 
CE5 magmas. However, it would also substantially reduce their Al2O3 
contents because of low Al2O3 contents (<3 wt %) of clinopyroxene- 
ilmenite cumulates (27), which is at odds with the data. Although 
accumulation of clinopyroxene, plagioclase, and ilmenite could 
explain the CE5 compositions, it requires nearly two-thirds of min-
erals in CE5 basalts to be an accumulation origin, which is highly 
unlikely because of the well-characterized basaltic textures (fig. S1). 
Moreover, in CE5 basalts, pyroxene is zoned with high-Ca cores 
and low-Ca rims (12), and olivine has higher Ti contents than the 

Apollo counterparts (19). All these indicate that the high CaO and 
TiO2 contents are fingerprints of the CE5 primary magma.

Contributions of late-stage LMO cumulates to the CE5 
mare source
There are two possibilities to account for the distinctive primary 
magma compositions of the CE5 and Apollo basalts: (i) They could 
share a common mantle source but originated from different depths, 
or (ii) they were derived from different mantle sources. Experimen-
tal simulations and thermodynamic calculations of mantle melting 
(28, 29) demonstrate that the CaO content of the melt generally de-
creases with increasing pressure because of the increase in clinopy-
roxene modal abundance in the residue. It is ambiguous whether 
TiO2 in melt tends to increase or decrease as pressure changes, but 
the TiO2 content of the melt does not change notably with pres-
sure (29). Moreover, our following calculations reveal the overlap 
of CE5 and Apollo basalt source depths. Therefore, the scenario of 
melting from a common source at different depths cannot be the 
first-order reason.

Alternatively, Apollo and CE5 mare melts originated from dif-
ferent mantle sources. The LMO cumulate stratigraphy consists of 
early formed ultramafic cumulates (mainly olivine and orthopyroxene) 
and late-stage clinopyroxene-ilmenite cumulates (4, 14, 30). The lat-
ter make up <10 volume percent (volume %) of the total cumulates. 
Previous studies suggest that the Apollo low-Ti basalts and green 
picritic glasses were multiply saturated with olivine-orthopyroxene 
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residual sources (31, 32), consistent with our phase equilibrium 
simulations using primary magma compositions (see below). Hence, 
the Apollo low-Ti basalts have a mantle source dominated by the 
early LMO cumulates. In contrast, the high CaO and TiO2 contents of 
the CE5 primary magma (Fig. 2) instead suggest that clinopyroxene- 
ilmenite cumulates might have been involved in producing the 
young basalts. The late-stage cumulates are dense and could sink in 
the mantle and hybridize early, deep cumulates during mantle over-
turn (5, 14, 15). To test this hypothesis, we performed a binary mixing 
and non-modal melting simulation with the THERMOCALC pro-
gram (see Materials and Methods) (29). The simulation shows that the 
mixing of olivine-orthopyroxene cumulates with clinopyroxene- 
ilmenite cumulates markedly reduces the melting temperature of 
the lunar mantle (Fig. 3). Partial melt compositions of hybrid sources 
have been calculated with adding 0, 10, 20, 30, and 40 mass % of 
clinopyroxene-ilmenite cumulate. As shown in Fig. 2, CaO and 
TiO2 contents of the melts increase as source hybridization enhances. 
The intersection of partial melt trend lines and reverse fractionation 
paths defines the primary magma composition for the CE5 basalts 
(blue bar in Fig. 2 and table S2) and suggests the involvement of ~20 
mass % of clinopyroxene-ilmenite cumulate in the CE5 source. These 
results indicate that the fusible late-stage LMO cumulates contrib-
uted much to the young CE5 basalt formation.

Young mare volcanism on the cooling Moon
The pressure and temperature (P-T) of multiple saturation points (MSPs) 
are commonly interpreted as the P-T condition at which magma 
segregated from its source (6, 7, 32). Thus, the P-T condition of 

MSP can be used to track the thermal state of the Moon. However, 
as mare basalts have undergone fractional crystallization and can-
not represent their primary magmas, their MSP conditions are typ-
ically underestimated using the basalt bulk compositions. In this 
study, we have restored the primary magma compositions of Apollo 
and CE5 basalts. Their MSP conditions can be determined using 
phase equilibrium calculations with the THERMOCALC program 
(see Materials and Methods). All calculated liquidi are saturated 
with olivine at relatively low pressures and with orthopyroxene at high 
pressures. The intersection of the olivine-in and orthopyroxene-in 
curves defines the MSP (Fig. 4). The primary magmas of Apollo 
basalts have MSP at 1511° to 1576°C and 14.9 to 28.4 kbar, broadly 
consistent with those of picritic glasses (31, 33, 34). These condi-
tions jointly imply a lunar mantle potential temperature of ~1440°C 
between 3.8 and 3.1 Ga ago. In contrast, the young CE5 magma has 
MSP at 1472° to 1496°C and 22.4 to 26.9 kbar, corresponding 
to a lunar mantle potential temperature of ~1360°C. These results 
demonstrate a sustained cooling (~80°C) history of the lunar man-
tle between 3.8 to 3.1 and 2.0 Ga ago.

The mechanism for generating young mare volcanism on the 
cooling Moon is an outstanding problem. Previous studies generally 
ascribed prolonged mare volcanism to the contributions from ra-
diogenic heating (9, 35) and/or mantle melting point depression due 
to enrichment in incompatible elements (36). However, Sm-Nd, 
Rb-Sr, and Pb isotopic data of the CE5 basalts consistently indicate 
that their mantle source region contained very few radiogenic and 
incompatible elements (10–12), implying that neither of the associ-
ated melting mechanisms produced these basalts. Moreover, a dry 
mantle source for the CE5 basalts excludes the possibility of hy-
drous mantle melting (13). Other hypotheses for prolonged lunar 
volcanism such as tidal heating (37), megaregolith insulation (38), 
and sluggish mantle convection (39) are possible but require further 
evidence. Our study shows that the young CE5 mantle source region 
had more clinopyroxene-ilmenite cumulates than those of older 
Apollo low-Ti basalts. The involvement of these fusible cumulates 
could lower the mantle melting point to offset the Moon’s cooling 
(Fig. 3), absolving the need to invoke theoretical contributions from 
radiogenic and incompatible elements to trigger young lunar vol-
canism. Thus, the radiogenic heat-producing elements concen-
trated in the last dregs of the LMO melt must be decoupled from the 
late clinopyroxene-ilmenite cumulates, which suggests that the LMO 
cumulate overturn began to occur while solidification was active (40). 
Although the duration and scale of LMO cumulate overturn and 
mantle convective mixing remain poorly understood (15, 41, 42), it 
follows that the longer the time interval, the higher proportion of 
cumulate mixing and, thus, the lower the melting point. Therefore, 
mantle melting point depression by adding fusible components into 
the lunar upper mantle might be a viable mechanism for driving 
young mare volcanic activity on the Moon. The late fusible cumu-
lates would sink to the lunar core-mantle boundary because of their 
high density (42, 43). Thus, the addition of these components into the 
CE5 basalt source indicates that some late fusible domains stayed 
in the upper mantle (40, 44) or rose into the upper mantle because 
of upwelling after overturn (45, 46). The upward advection of fus-
ible cumulates that had sunk during the LMO is consistent with con-
vective overturn of the lunar mantle (5, 14, 15). This framework for 
delivering fusible cumulates to generate the CE5 basalts, thus, ad-
ditionally implies that mantle convection continued to transfer internal 
heat into the shallow mantle via mantle upwelling as late as 2 Ga ago.
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MATERIALS AND METHODS
Quantitative analysis of bulk compositions of CE5 
basalt clasts
Twenty-seven representative basalt clasts were picked, mounted, 
polished, carbon-coated, and examined with the scanning electron 
microscope (SEM; Zeiss Gemini 450) at the Institute of Geology and 
Geophysics, Chinese Academy of Sciences in Beijing. Whole-rock 
major element compositions of lithic clasts are conventionally esti-
mated on the basis of mineral average compositions, density, and 
modal abundances. Modal abundances are obtained through the 
point counting method. For the CE5 basalt clasts, however, chemi-
cal zoning in clinopyroxene and olivine is ubiquitous (fig. S4; min-
eral compositions are given in data S4), so the routine method may 
lead to large errors in the estimation of average mineral composi-
tions. Thus, we use a quantitative x-ray mapping method with SEM 
energy-dispersive spectrometry (EDS; Oxford Instruments) to de-
termine the bulk major element compositions of the CE5 basalt 
clasts, following the method in (18). The procedure includes x-ray 
map collection, raw count output (one for each element analysis), 
and background correction. The average compositions of pyroxene, 
olivine, and plagioclase are analyzed by the quantitative EDS map-
ping method (18). For those fine-grained, compositionally homo-
geneous minerals such as ilmenite, spinel, silica, K-feldspar, 
phosphates, and sulfides, we use EDS point analysis to acquire their 
average compositions, with 10 analyses for each phase. Mapping 

conditions are 20-kV accelerating voltage, 5-nA beam current, 8.5-mm 
working distance, and 200-s collection time at each pixel. A total 
map collection time for each clast is ~40 min with a spatial resolu-
tion of ~500 nm. A set of certified reference materials (Micro-Analysis 
Consultants Ltd. Standards) was used to standardize the spectrom-
eter: albite for Si, Na, and Al; diopside for Ca; olivine for Mg; alman-
dine for Fe; RbTiOPO4 for Ti; orthoclase for K; bustamite for Mn; 
and chromite for Cr. The detection limit of major elements is 
~0.1 wt %. The precision and accuracy are better than 1 and 2%, 
respectively. The lunar meteorite NWA 4734 was used as a monitor 
sample; the integrated x-ray mapping composition of which matches 
well with the result obtained by inductively coupled plasma mass 
spectrometry (47). All void pixels were subtracted before bulk com-
positions were normalized to 100%. The average bulk chemistry 
obtained here is identical to the published data within error (table S1). 
Moreover, the average FeO (22.1 ± 1.9 wt %) and TiO2 (5.5 ± 0.9 wt %) 
contents of the studied CE5 basalt clasts agree with the data ob-
tained by the Lunar Prospector gamma-ray spectrometer (~22.4 wt 
% of FeO and ~4.5 wt % of TiO2) (48), further demonstrating the 
reliability of our results.

Fractional crystallization modeling
Forward and reverse fractional crystallization processes were mod-
eled using the PETROLOG program (23) to restore the primary 
magma compositions of the CE5 and Apollo basalts. All modeling 
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Fig. 4. Thermal evolution of the Moon inferred from MSP modeling. (A) Phase equilibrium calculations of the primary magmas of Apollo basalts illustrating their MSP 
P-T conditions (red circles). (B) Phase relation calculations of the primary magmas of CE5 basalts showing their MSP P-T conditions (blue circles). (C) P-T conditions inferred 
from the MSP of basalts and picritic glasses (TiO2 < 8 wt %). Our calculations show that olivine is the liquidus phase until orthopyroxene joins and replaces it at high pres-
sures. The pressures and temperatures at which primary magmas are multisaturated with these two phases define the MSP. The MSP P-T conditions of Apollo basalts (gray 
circles) and picritic glasses (gray squares) are compiled in (33, 34). The red and blue lines correspond to the Moon’s thermal profiles at 3.8 to 3.1 and 2.0 Ga ago, respec-
tively, which show ~80°C cooling of the lunar mantle in >1 Ga. Mineral abbreviations are the same as the previous figures. IW, iron-wüstite buffer.
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assumed pure fractional crystallization (100%) at a constant pres-
sure. Fe2O3 in the melt was calculated using Fe3+ = 0 buffer of oxy-
gen fugacity. Mineral solution models used here include olivine 
(49), clinopyroxene (50), orthopyroxene (51), plagioclase (50), and 
ilmenite (52). Spinel was excluded from our modeling because its 
abundance is very low (<1 volume %) in mare basalts, and available 
spinel solution models are unfit for fractionation modeling of the 
Ti-rich mare magmas. The pressure of near-surface fractionation 
was set at 1 kbar (corresponding to a depth of ~15 km) because the 
differences among the modeling results when pressures are less 
than 1 kbar are negligible. Modeling results at higher pressures 
(5, 10, and 15 kbar) are also given in Fig. 1 for reference. The de-
tailed steps of reverse fractionation modeling are shown in the “Dis-
tinctive primary magma compositions” section of the body text. As 
shown in fig. S5, the calculated mineral compositions are in good agree-
ment with the measured values of the CE5 basalts, verifying that our 
reverse fractionation modeling was done effectively. Primary magma 
compositions estimated in this work are presented in table S2.

LMO cumulate hybridization and mantle melting modeling
The mixing of early formed LMO cumulates with late-stage cu-
mulates and the partial melting of these hybrid cumulates were 
modeled using the THERMOCALC 3.50 program (29) with the in-
ternally consistent thermodynamic dataset of (53) (update tc-ds634). 
The modeling was performed in a comprehensive system (K2O-
Na2O-CaO-FeO-MgO-Al2O3-SiO2-TiO2-Cr2O3) using the recent 
thermodynamic models of orthopyroxene, olivine, clinopyroxene, 
ilmenite, spinel, and melt from (29). These new models have been 
proven to successfully reproduce the phase relations and melt com-
positions of ultramafic rocks (29). Therefore, they can well predict the 
melting conditions and melt compositions of the hybrid lunar man-
tle. The two end-member compositions of olivine-orthopyroxene 
and clinopyroxene-ilmenite cumulates used in Fig. 3 are collected 
from (30), in which they were calculated from the LMO with the 
lunar primitive upper mantle starting compositions (54). The cu-
mulate composition data are provided in table S2. LMO cumulate 
hybridization and non-modal batch melting were modeled at 23 kbar, 
corresponding to the average depth (~500 km) of mare magma gen-
eration (Fig. 4C). Melt compositions shown in Fig. 2 represent 1 to 
25 mole percent (mol %) degree of partial melting of the hybrid 
cumulates containing 0, 10, 20, 30, and 40 mass % of clinopyroxene- 
ilmenite cumulate.

MSP modeling
The pressure and temperature conditions of the MSP of CE5 and 
Apollo primary magmas were determined by phase equilibrium cal-
culations with the THERMOCALC 3.50 program (29). The ther-
modynamic dataset and mineral models are the same as described 
earlier. Fe2O3 was set to zero, corresponding to oxygen fugacities 
below the iron-wüstite buffer. As primary magmas of the CE5 and 
Apollo basalts have quite low TiO2 contents (~3 and 1.5 wt %, re-
spectively), the effect of oxygen fugacity changes on our MSP simu-
lations can be negligible (33). Near-liquidus phase relations were 
calculated from 10 to 35 kbar for a wide temperature range (Fig. 4). 
All calculated liquidi (i.e., the CE5 and Apollo primary magmas) are 
saturated with olivine at relatively low pressures and with orthopy-
roxene at high pressures. The intersection of the olivine-in and 
orthopyroxene-in curves defines the MSP. Although both the Apollo 
and CE5 primary magmas were multiply saturated with olivine 

and orthopyroxene, the MSP of the CE5 magma is closer to the 
clinopyroxene-in curve, implying more clinopyroxene in its source. 
The reliability of the modeled MSP results was evaluated by com-
parison with published experimental results. As shown in fig. S6, 
the calculated MSP conditions of lunar picritic glasses match well 
with those of experimental studies, demonstrating the reliability of 
our calculations.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn2103
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