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A B S T R A C T

The samples returned by the recent Chang’e-5 (CE-5) mission confirmed active lunar magmatism at least two 
billion years ago, which challenged the long-held view of an inactive Moon through much of its lifespan. 
However, the origin of this extended lunar magmatism remains mysterious. The CE-5 lunar soil and basalt 
fragments exhibit a strong fractionation between middle and heavy rare earth elements, a phenomenon rarely 
observed in the Apollo samples. We confirm this fractionation as a primary magmatic signature with measure
ments of the pyroxenes. By coupling phase equilibria modeling and element partitioning calculations, we show 
that this fractionation can only be produced if the magma source contained ~5-10% garnet at a minimum depth 
of ~700 km. We suggest the primary CE-5 magma may have originated from the lunar lower mantle. For melting 
to occur, one possibility is that convection may have been sustained in the deep lunar mantle until at least two 
billion years ago. Alternatively, the CE-5 magma may have tapped the melt-bearing layer near the core, as 
indicated by recent seismic observations.

1. Introduction

Lunar mare basalts are derived from the partial melting of mantle 
cumulates formed at various depths during the crystallization of the 
lunar magma ocean (LMO) and subsequent mantle overturn processes 
(Borg and Carlson, 2023; Neal and Taylor, 1992; Snyder et al., 1992). 
These basalts serve as a direct record of the Moon’s magmatic evolution, 
and their petrogenesis plays a crucial role in reconstructing the 
thermo-chemical evolution of the lunar interior (Shearer et al., 2006; 
Wieczorek et al., 2006). Radiometric dating of mare basalts collected 
from the Apollo and Lunar mission landing sites suggests ages ranging 
from approximately 4.3 to 3.1 Ga (Snape et al., 2019). The recent 
Chang’e-5 (CE-5) mission, which landed in the northern Oceanus Pro
cellarum within the Procellarum KREEP Terrane (PKT), returned the 
youngest (~2.0 Ga) lunar basalts confirmed to date (Che et al., 2021; Li 
et al., 2021b). While the early volcanic activity (~4.3–3.1 Ga) is rela
tively straightforward to explain from a thermal perspective, the later 
stages of volcanism (~2.0 Ga) present a more complex challenge, as the 
Moon, a relatively small body, would be expected to cool rapidly (Spohn 
et al., 2001). Geochemical analyses of CE-5 basalts indicate that they 
originate from low-degree partial melting of a dry, limited-KREEP (< 0.5 
%) mantle source, followed by extensive fractional crystallization (Hu 
et al., 2021; Tian et al., 2021). These characteristics exclude two 

potential mechanisms—radiogenic heating and hydrous melting—as 
primary drivers of the young volcanism.

To explain the generation of these young mare basalts on a cooling 
Moon, various source models have been proposed. These include 
orthopyroxene-rich cumulates with contributions from ilmenite-bearing 
cumulates (IBC) (Su et al., 2022, 2023), and clinopyroxene-rich cumu
lates, either with or without contributions from IBC (Haupt et al., 2023; 
Luo et al., 2023; Wang et al., 2024a). The presence of easily melted IBC 
components in the CE-5 mantle source has been suggested to lower the 
mantle’s melting point, potentially playing a key role in driving 
late-stage lunar volcanism (Su et al., 2023). Earlier studies have also 
estimated the melting conditions of the CE-5 basalt mantle source. While 
these estimates vary, they generally place the melting depth in the upper 
mantle, ranging from ~4 kbar (<100 km) to ~2.5 GPa (~550 km) (Luo 
et al., 2023; Su et al., 2022; Wang et al., 2024a). These depth estimates 
were derived either by determining the multiple saturation points (MSP) 
of the assumed primary magmas or using mineral thermobarometers. 
However, given that the CE-5 basalts are products of extensive crystal 
fractionation (Tian et al., 2021), mineral thermobarometers may not be 
suitable for estimating the melting pressure at the mantle source. In 
addition, the choice of assumed primary magma composition can 
significantly influence the estimation of melting pressure. These factors 
likely account for the considerable variability in the estimated melting 
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pressures discussed above.
One intriguing observation, though largely overlooked in previous 

studies, is that the CE-5 samples exhibit strongly fractionated rare earth 
elements (REEs) (Fig. 1A). According to previous analyses (Li et al., 
2021a; Wang et al., 2024b), the CE-5 soils and bulk basalt fragments 
both show substantial fractionation between middle and heavy REEs, as 
evidenced by their high (Sm/Yb)N ratios (where N indicates 
chondrite-normalized) of 1.9–2.1 (Fig. 1B). In contrast, the mare basalts 
returned by the Apollo missions—including low-Ti, and high-Ti group
s—generally display lower (Sm/Yb)N ratios than the CE-5 samples, with 
the low-Ti groups showing higher (Sm/Yb)N ratios than the high-Ti 
group (Fig. 1). The KREEP basalts show higher (Sm/Yb)N values than 
the Apollo mare basalts, but still lower than the CE-5 basalts on average 
(Fig. 1). In addition to the high (Sm/Yb)N ratios, the CE-5 samples show 
notable enrichments in light REEs, reflected in their elevated (La/Sm)N 
ratios (Figs. 1A and 1C). Strong fractionation between REEs, particularly 
between middle and heavy REEs, is often regarded as a sign of garnet 
fractionation (Chen et al., 2023; Tang et al., 2020). Garnet fractionation 
is also consistent with the low Lu/Hf ratios (~0.1) in CE-5 samples 
compared to those of the Apollo basalts (averaging 0.16 ± 0.03, 2 SD) 
(Warren and Taylor, 2014).

In this study, we focus on the strongly fractionated REEs in the CE-5 
samples. We first conducted in-situ trace element measurements of py
roxenes from the CE-5 basalts and compiled existing geochemical data 
for the CE-5 and Apollo samples. Then, by integrating phase equilibria 
modeling with element partitioning calculations, we evaluated the roles 
of garnet fractionation and other processes in the generation of the CE-5 
basalts and constrained the CE-5 mantle source depth. Finally, we 

explored the implications for dynamics of lunar deep mantle based on 
our findings.

2. Samples and methods

Given the potential heterogeneity issue introduced by the small sizes 
of basalt fragments, we carried out in-situ measurements of clinopyr
oxene, the major REE-bearing phase. Three basalt fragments 
(CE5C000YJYX147GP, CE5ZQ403YXYJ004GP, and CE5C0000Y
JYX050) from the CE-5 soil samples were selected in this study. They are 
mainly composed of pyroxene, olivine, plagioclase, and ilmenite 
(Fig. S1). We employed the Tescan Integrated Mineral Analyzer (TIMA) 
(EDAX Element 30) at the Key Laboratory of Orogenic Belts and Crustal 
Evolution, School of Earth and Space Sciences, Peking University, to 
examine the mounted rock fragments and identify clinopyroxene grains. 
The TIMA system consists of a Tescan Mira Schottky field emission 
scanning electron microscope equipped with four silicon drift energy 
dispersive spectrometer (EDS) detectors, arranged at 90◦ intervals 
around the sample chamber. The analysis was carried out at 25 kV, with 
a spot size of 98.77 nm, a working distance of 15 mm, and a field size of 
400 μm, using the high-resolution liberation analysis mode. BSE images 
were collected to delineate the phase boundaries (Fig. S1).

Major and trace elements of clinopyroxene were analyzed using laser 
ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) at 
the Key Laboratory of Orogenic Belts and Crustal Evolution, School of 
Earth and Space Sciences, Peking University. All measurements were 
conducted in spot mode, with a laser beam diameter of 24 μm, an 
ablation frequency of 5 Hz, and an energy density of approximately 4 J 

Fig. 1. Whole-rock average REE patterns (A) and whole-rock (Sm/Yb)N (B) and (La/Sm)N (C) versus Mg# diagrams for CE-5 samples and Apollo basalts. The 
chondrite REE data is from Sun and McDonough (1989). Compiled whole-rock geochemical data are provided in Table S1.
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cm-2. Each analysis consisted of a 45-second background count followed 
by a 50-second count with the laser activated. The andesitic glass OJY-1 
was employed as the calibration reference material (Wu et al., 2022). 
Two reference materials, GOR132 (Jochum et al., 2006) and ARM-1 (Wu 
et al., 2019), were measured to evaluate the accuracy of our analyses. 
The sum of all major element oxides was assumed to be 100 % and used 
as the internal standard. Data reduction was performed using the 
method outlined by Liu et al. (2008). The data are provided in Table S2.

3. Results

Pyroxenes (augite) in three basalt fragments from the CE-5 samples 
were analyzed for major and trace element contents simultaneously 
using LA-ICP-MS (n = 60). Our results, in conjunction with previously 
compiled data, show that the pyroxenes from the CE-5 basalts exhibit a 
broad compositional range, with Mg# values (atomic Mg/(Mg+Fe)) 
spanning from approximately 60 to 10, generally lower than those 
observed in the Apollo low-Ti basalts (Mg# ~70 to 10; Fig. 2). This 
suggests that the CE-5 basalts likely underwent some degree of crystal 
differentiation. Notably, the pyroxenes in the CE-5 basalts exhibit 
significantly more fractionated REE patterns compared to those in the 
Apollo samples, as evidenced by consistently higher (Sm/Yb)N and (La/ 
Sm)N ratios across the full Mg# range (Fig. 2). The high (Sm/Yb)N ratios 
in the CE-5 pyroxenes imply that the equilibrium melts were strongly 
enriched in middle REEs relative to heavy REEs, considering that py
roxene exhibits partition coefficients for heavy REEs that are compara
ble to or higher than those for middle REEs (Fig. S43). We estimated 
melt compositions using compiled pyroxene–melt partition coefficients 
(Table S3). The calculated (Sm/Yb)N and (La/Sm)N ratios average 1.8 ±
0.8 and 1.2 ± 1.0 (2 SD), respectively (Fig. S2), systematically higher 
than those of Apollo pyroxenes and broadly consistent with values from 
CE-5 basalts and soils (Fig. S2). The somewhat large variability in (Sm/ 
Yb)N and (La/Sm)N of the pyroxenes may result from local melt het
erogeneities and disequilibrium partitioning due to rapid crystallization 
(Lee et al., 2022; Watson and Müller, 2009). Given these uncertainties, 
we adopt the CE-5 whole-rock average as a more robust estimate for the 
melt composition, as was done by most researchers (Su et al., 2022; 
Wang et al., 2024b; Zong et al., 2022). Furthermore, pyroxene (Sm/Yb)N 
and (La/Sm)N ratios show no systematic trend with decreasing Mg# 
(Fig. 2), which suggests limited influence from crystal fractionation 
processes.

4. Discussion

Our in-situ measurements of pyroxenes in the CE-5 samples confirm 
the high (Sm/Yb)N and (La/Sm)N ratios as a character of the CE-5 
magma. Such strong fractionations were rarely observed in the Apollo 

mare basalts. Below, we evaluate what processes may have generated 
the high (Sm/Yb)N and (La/Sm)N ratios in the CE-5 magma.

4.1. Effects of magma crystal fractionation

The CE-5 basalts underwent relatively high degrees of crystal frac
tionation (Su et al., 2022; Tian et al., 2021). Recent studies of CE-5 
clinopyroxenes suggest that the crystal fractionation of the CE-5 
magma predominantly occurred in the shallow regions at the top of 
the lunar mantle (~2–5 kbar) (Luo et al., 2023). To assess whether the 
highly fractionated REE patterns resulted from extensive crystallization, 
we coupled rhyolite-MELTS simulations (Gualda et al., 2012) with trace 
element modeling to examine their impact on the (Sm/Yb)N ratios. Both 
calculations were conducted in fractional crystallization mode (See Text 
S1). The composition of the primary CE-5 melts is difficult to constrain 
precisely, but as a proof of concept, we considered a variety of primary 
CE-5 melt major element compositions (Grove et al., 1973; Su et al., 
2023) for our evaluation (Fig. S3).

Using mineral phase proportions derived from the rhyolite-MELTS 
simulations, we calculated the (Sm/Yb)N and (La/Sm)N differentiation 
paths. The results indicate that these ratios remain nearly constant, even 
with high-degree fractional crystallization (>50 %) (Fig. 3). Similarly, 
the (Sm/Yb)N and (La/Sm)N ratios of the CE-5 pyroxenes show no 
discernible trend as Mg# decreases (Fig. 2). We thus conclude that the 
highly fractionated REEs of CE-5 basalts may reflect the characteristics 
of their primary melts rather than the result of crystal fractionation.

Another complexity stems from the re-equilibration between the 
primary melts and the shallow mantle during the ascent. This process, 
however, would likely attenuate the fractionated REE signature because 
of the lower pressure of re-equilibration. As a result, the (Sm/Yb)N ratios 
in the CE-5 primary melts are likely even higher than that of the CE-5 
magma erupted at the surface.

4.2. KREEP addition

The final remnants of LMO are enriched in incompatible trace ele
ments, specifically in K, REEs, and P, which was termed as “KREEP” 
(Warren and Wasson, 1979). This component exhibits relatively frac
tionated REE patterns, and the incorporation of KREEP (1–1.5 %) into 
the CE-5 mantle sources has been proposed to explain the fractionated 
REE patterns observed in the CE-5 basalts (Wang et al., 2024b; Zong 
et al., 2022). However, even with the highest KREEP content (1.5 %), the 
resulting melt has a (Sm/Yb)N ratio of 1.45 (Zong et al., 2022), signifi
cantly lower than the observed value in CE-5 basalts (Fig. 1B). More
over, adding a high content of KREEP component in the source appears 
inconsistent with the radiogenic Sm-Nd isotope compositions of the CE-5 
basalts (Tian et al., 2021). In addition, the average (Sm/Yb)N ratio of the 

Fig. 2. Pyroxene (augite) (Sm/Yb)N (A) and (La/Sm)N (B) versus Mg# for CE-5 samples and Apollo basalts. Data for pyroxenes are provided in Tables S1 and S2.
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CE-5 basalts (2.1) is markedly higher than that of typical KREEP com
positions (~1.5) (Warren, 1989), suggesting that KREEP assimilation 
was unlikely to have had a dominant influence on the strongly frac
tionated REE signatures of the CE-5 basalts.

4.3. Garnet signature inherited from LMO crystallization

Phase equilibria and experimental studies indicate that garnet- 
bearing cumulates could form in the lowermost mantle during the 
crystallization of the LMO (Jing et al., 2022; Johnson et al., 2021). In 
this case, if the remaining LMO was in equilibrium with the 
garnet-bearing cumulates, later cumulates crystalized from this 
remaining LMO may exhibit fractionated REE signatures. These signa
tures, in turn, may be inherited by mare basalts formed from the melting 
of these later cumulates. However, the mineralogy of the deep mantle is 
highly dependent on the bulk composition of the LMO and temperature 
and pressure conditions during its crystallization (Jing et al., 2022; Rapp 
and Draper, 2018). More uncertain is whether the early stage of LMO 
crystallization was predominantly in equilibrium or fractional, or when 
LMO crystallization transitioned from equilibrium to fractional (Elardo 
et al., 2011; Schmidt and Kraettli, 2022). It is worth noting that most 
returned mare basalts do not exhibit such strong REE fractionation as 
seen in the CE-5 samples. If, indeed, the early LMO was crystallizing in 
equilibrium with garnet, a garnet signature should be more widespread 
in returned mare basalt samples. Furthermore, abundant garnet crys
tallization directly from the LMO would lead to lower Sm/Nd in the 
remaining LMO and later cumulates (Beard et al., 1998), which also 
contradicts the highly radiogenic Nd isotope compositions of the CE-5 
basalt source (Tian et al., 2021). Geochemical modeling also suggests 
that only limited garnet crystallization (~1.5 %) is required to repro
duce the REE patterns of high-K KREEP materials (Neal and Davenport, 
2014). Therefore, we propose that garnet crystallization likely had a 
limited influence on the LMO composition, and the fractionated REE 
signature in the CE-5 samples was probably not inherited from the LMO 
stage.

4.4. Residual garnet in the source of CE-5 mare basalts

The discussion above leads us to suggest that the fractionated REE 
patterns observed in the CE-5 basalts probably reflect unique melting 
conditions. That is, residual garnet may have played a pivotal role in 
generating the REE signature in the CE-5 basalts. A similar view was also 

proposed by Neal (2001) to explain the compositions of some Apollo 
volcanic glasses. The composition of lunar mantle sources is critical in 
determining the melting conditions and the characteristics of the melts. 
Below, we first derive the compositions of a variety of possible sources 
for mare basalts. Then, we couple phase equilibria modeling and trace 
element partitioning calculations to constrain the content of residual 
garnet and the depth of the CE-5 source.

4.4.1. Three source scenarios for CE5 basalts
The major source components of mare basalts are the mantle cu

mulates formed during LMO solidification and/or subsequent mantle 
overturn processes (Borg and Carlson, 2023; Hallis et al., 2014; Neal, 
2001; Snyder et al., 1992). These cumulates primarily consist of olivine 
(Ol), orthopyroxene (Opx), clinopyroxene (Cpx), pigeonite (Pgt), 
ilmenite (Ilm), and garnet (Grt) in varying proportions, with garnet 
crystallization largely depending on the composition and depth of the 
LMO. We considered two experimentally derived LMO cumulate se
quences: the Taylor Whole Moon (TWM) composition (Schmidt and 
Kraettli, 2022) and the Lunar Primitive Upper Mantle (LPUM) compo
sition (Rapp and Draper, 2018). Experiments have shown that the 
common crystallization sequence of major mineral phases follows Ol → 
Opx → Cpx + Plag ± Pgt→ Qz + Ilm, although the liquid lines of descent 
vary among different experiments (Rapp and Draper, 2018; Schmidt and 
Kraettli, 2022). The crystallized cumulate layers can be broadly cate
gorized into three stages: 

(1) early Opx-rich cumulates
(2) middle Cpx-rich cumulates
(3) late ilmenite-bearing cumulates (IBC)

Mantle overturn likely led to the mixing of IBC materials to deep 
cumulates (Borg and Carlson, 2023; Spera, 1992), which may account 
for the elevated TiO₂ contents of many mare basalts, including the CE-5 
basalts (Su et al., 2022). Besides, trapped instantaneous residual liquids 
(TIRL) may have also been present in the sources (Hallis et al., 2014; 
Snyder et al., 1992). We thus mixed 5–20 % late-stage IBC and 0–2 % of 
TIRL with average early Opx-rich cumulates and average middle 
Cpx-rich cumulates to generate two source scenarios for both LPUM and 
TWM sequences. Additionally, we followed previous studies (Tian et al., 
2021) and considered a third source scenario consisting of an instant 
middle Cpx-rich cumulate layer at 88 % LMO crystallization for the 
LPUM sequence and 74.5 % for the TWM sequence, mixed with various 

Fig. 3. Modeled (Sm/Yb)N (A) and (La/Sm)N (B) differentiation paths for two different CE-5 primary melt compositions. Starting compositions 1 and 2 are from 
Grove et al. (1973) and Su et al. (2023), respectively. Isobaric fractional crystallization was modeled for each composition. Based on previous pressure estimates of 
the main phase of CE-5 crystallization (~2–5 kbar; Luo et al., 2023), simulations were conducted at 1 and 5 kbar. The results of rhyolite-MELTS simulations and trace 
element calculations are listed in Table S4.
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proportions of IBC and TIRL.
To obtain the REE compositions of the mantle sources in each sce

nario, we performed fractional crystallization calculations based on the 
mineral phase proportions derived from the experimental studies (Rapp 
and Draper, 2018; Schmidt and Kraettli, 2022). The initial LMO REE 
composition was assumed to be that of mean CI chondrites (Palme and 
Jones, 2003). Once the mantle composition was determined for each 
scenario (Fig. 4), we calculated the REE compositions of the primary 
melt by coupling the phase equilibria results and trace element parti
tioning calculations (See Text S1). Although the absolute REE concen
trations of the LMO may differ from those of CI chondrites, they are 
unfractionated relative to those in the CI chondrites (Snyder et al., 1992; 
Taylor, 1982). Since our calculations focus on element ratios, this con
centration difference has no influence on our discussion below.

In summary, for each LMO model (LPUM or TWM), we obtained the 
compositions for three scenarios of sources, each comprising cumulates 
formed at a certain stage of LMO crystallization, mixed with various 
proportions of IBC and TIRL. These three source scenarios, consisting of 
54 compositions in total, cover a wide variety of source compositions for 
the CE-5 basalts. These potential sources are all depleted with both (Sm/ 
Yb)N and (La/Sm)N ratios < 1.1 (Fig. 4), consistent with the Nd isotope 
results of the CE-5 samples (Tian et al., 2021). One could also consider 
more complex scenarios by adding a small amount of KREEP in the 
sources, but again, the Nd isotopes require the sources to be depleted 
with low (Sm/Yb)N and (La/Sm)N ratios. Therefore, the high (Sm/Yb)N 
and (La/Sm)N ratios of the CE-5 basalts probably resulted from the 
melting processes.

4.4.2. Garnet content and minimum depth of the CE-5 source
For each source composition derived above, we performed phase 

equilibria modeling (Figs. S4-S9) and trace element partitioning calcu
lations to determine the melting conditions needed to generate melts 
with (Sm/Yb)N and (La/Sm)N ratios similar to those observed in the CE-5 
basalts, which average 2.1 and 1.4, respectively (See Text S1). In our 
calculation, we considered a range of melting degrees (0.01–0.03), TIRL 
contents (0–2 %), and IBC contents (5–20 %). The calculation results for 
the three source scenarios are presented in Figs. 5, 6, and 7, respectively, 

assuming TIRL = 1 %, IBC = 5, 10, and 20 %, and a melting degree of 
0.02. Results for other TIRL contents (0 and 2 %) and melting degrees 
(0.01 and 0.03) are provided in Figs. S10-S33. The range of melting 
degrees considered here (0.01–0.03) is consistent with those constrained 
by Tian et al. (2021). Extremely low degrees (F<<0.01) of partial 
melting can, in theory, produce elevated (Sm/Yb)N and (La/Sm)N ratios 
as long as the melt is in equilibrium with pyroxene or even olivine. 
However, extremely low degrees of melting cannot generate sufficient 
porosity (>~0.01) required for effective melt extraction (Faul, 1997; 
Kelemen et al., 1997; Team, 1998; Zhu et al., 2011). In addition, lunar 
mare basalt sources are thought to contain varying amounts (~1–3 %) of 
TIRL (Hallis et al., 2014; Snyder et al., 1992), which also suggests that 
melts at such low fractions cannot escape the source regions. We thus do 
not consider these extreme low-degree melting conditions.

In the early cumulate source scenario (average Opx-rich cumulates), 
melts with high (Sm/Yb)N ratios, similar to those of the CE-5 basalts, can 
be produced without the need for residual garnet (Fig. 5). This is pri
marily due to the presence of residual low-Ca pyroxenes (pigeonite and 
orthopyroxene), which preferentially retain heavy REEs and can frac
tionate REEs at low melting degrees (Sun and Liang, 2013). However, all 
melts generated from early cumulate sources are highly depleted in light 
REEs, resulting in low (La/Sm)N ratios that do not match the composi
tion of the CE-5 basalts (Fig. 5). These low (La/Sm)N ratios reflect the 
depleted nature of the lunar mantle cumulates and the extreme in
compatibility of light and middle REEs in Opx, which cannot fractionate 
(La/Sm)N efficiently.

Middle cumulate sources (average Cpx-rich cumulates) produce 
melts with both elevated (Sm/Yb)N and (La/Sm)N ratios, closely 
resembling those of the CE-5 basalts (Fig. 6). The (Sm/Yb)N ratio 
strongly correlates with the residual garnet mode, which is, in turn, 
closely tied to mantle melting pressure (Fig. 6). The results from the 
third source scenario (instant Cpx-rich cumulate) align with those from 
the middle cumulate sources (Fig. 7). The amount of IBC in the sources 
appears to have a limited influence on the residual garnet content and 
the (Sm/Yb)N and (La/Sm)N ratios of the melts. Our results are also 
insensitive to the amount of TIRL and melting degree (Figs. S10-S33).

The consistent results across a wide variety of source compositions 

Fig. 4. Source REE patterns (54 in total) of three assumed scenarios for two LMO models (LPUM and TWM). Data are provided in Table S6. Abbreviations: TIRL: 
trapped instantaneous residual liquids; IBC: Ilmenite-bearing cumulates.

R. Li et al.                                                                                                                                                                                                                                        Earth and Planetary Science Letters 671 (2025) 119650 

5 



suggest that the pronounced REE fractionation in CE-5 basalts can only 
be produced in the presence of residual garnet in the deep mantle. The 
residual garnet content is estimated to be between ~5–10 % (Figs. 6–7). 
The presence of garnet in the lower lunar mantle is also supported by 
geophysical studies on the inverted compositional structure of the 
Moon’s interior. For example, lunar laser ranging and seismic data have 
provided evidence interpreted as indicating a molten zone bearing some 
garnet in the lowermost mantle (Garcia et al., 2011; Khan et al., 2014; 
Weber et al., 2011; Zhang et al., 2017). More recently, experimentally 
determined sound velocity and density models of lunar mantle rocks 
containing garnet show good agreement with seismic and density pro
files at lower mantle depths (Wood et al., 2024). The presence of re
sidual garnet requires high pressures during partial melting. To generate 
melts with fractionated REE patterns similar to those of the CE-5 basalts, 
a minimum pressure of approximately 3 GPa is needed (Figs. 6–7), 
considering that re-equilibration at low pressures could reduce the high 
(Sm/Yb)N ratios. This pressure corresponds to a depth of around 700 km 
or deeper, placing the CE-5 source region in the lunar lower mantle 
(Figs. 6–7), substantially deeper than the sources of the older mare 

basalts with lower (Sm/Yb)N ratios sampled by the Apollo missions and 
previously reported for the CE-5 basalts (Heiken et al., 1991; Longhi, 
1992; Luo et al., 2023).

Our findings offer a different perspective from previous studies, all of 
which proposed a CE-5 source in the lunar upper mantle. These earlier 
studies inferred the melting depth by evaluating pressure ranges derived 
from either multiple saturation point (MSP) in assumed primary 
magmas (Haupt et al., 2023; Su et al., 2022; Wang et al., 2024a) or 
thermobarometers based on CE-5 mineral compositions (Luo et al., 
2023; Wang et al., 2024a). The MSP approach is highly sensitive to the 
primary melt composition, which is usually assumed and has large un
certainties. On the other hand, the CE-5 basalts are substantially evolved 
and their mineral compositions may not capture the conditions of early 
differentiation or source melting. The susceptibility of both magma and 
mineral compositions to differentiation has led to ongoing discussions 
regarding the use of MSP and mineral-based thermobarometers as 
proxies for magma source pressures (Asimow and Longhi, 2004; Neal, 
2001), which can introduce uncertainties into depth estimates. By 
contrast, our study leverages trace element ratios ((Sm/Yb)N), which are 

Fig. 5. Results of average early cumulate sources for the two LMO compositions. Shown here are the conditions of TIRL = 1 %, IBC = 5, 10, 20 %, and a melting 
degree of 0.02. The calculated results of phase equilibria and trace element batch melting are shown in Table S7. The top REE pattern diagrams represent the average 
REE values across different pressure intervals, with the shaded area indicating two standard errors (2 se). Since the goal of our calculations is to quantify the 
fractionation between REEs, we normalized our calculated La concentrations to those of the average CE-5 basalts to remove the concentration variations irrelevant to 
this discussion, and the concentrations of other REE elements are scaled accordingly.
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less influenced by crystal fractionation at shallow depths, along with 
phase equilibrium modeling of lunar mantle melting, to provide more 
robust constraints on the CE-5 origin depth.

4.5. Melt ascending from the lunar lower mantle?

One difficulty with the ultra-deep source scenario proposed here is 
whether the melt can be segregated from the residues and rise through 
the thick mantle above. There are many aspects to explore to fully 
address this question, which is beyond the scope of this paper and worth 
additional efforts in the future. Here, we examine the density contrast 
between the melt and the residue, which is critical for the melt to ascend 
from the source region (Guenther et al., 2022). We derived the densities 
of the melts and residues from our phase equilibria modeling. For both 
average and instantaneous Cpx-rich cumulate source scenarios, our re
sults indicate that the melts are less dense than their residual sources up 
to 4 GPa or higher pressures (Figs. S34-S42). In addition to melt-residue 
density contrast at the source, successful ascent requires the melt to be 
buoyant relative to the surrounding mantle column. To assess this 
buoyancy issue, we calculated liquid density–depth profiles for melts 
generated at ~3.0 and 4.0 GPa and compared them with proposed lunar 
mantle density profiles (Garcia et al., 2019; Weber et al., 2011; Wood 
et al., 2024) (Fig. 8). The CE-5 magmas are inferred to have stalled at 
shallow crustal depths (~2–5 kbar), where they evolved through 

high-degree fractional crystallization (Luo et al., 2023). We therefore 
assumed limited fractional crystallization of the primary melts during 
their ascent from the deep-seated sources. We tracked the density evo
lution of the primary melts along their liquidus during ascent via phase 
equilibria modeling. As variations in TIRL content (0, 1, 2 %) and degree 
of melting (0.01–0.03) have minimal effects on melt composition, den
sity–depth calculations were performed using representative models 
with TIRL = 1 % and a melting degree of 0.02 (Table S8). Our results 
suggest that melts initially formed at 3.0 and even 4.0 GPa are buoyant 
relative to the mantle column during the entire ascending path (Fig. 8).

Buoyancy is only one aspect to understand how magmas may ascend 
from the deep lunar mantle. Future efforts may explore the density 
contrast between an evolving melt and more complex mantle columns, 
magma ascent mechanisms (porous flow, diking, and/or diapir), and 
mantle thermal conditions needed to prevent freezing of the magmas.

5. Implications

The Moon is expected to have cooled rapidly after its formation 
(Shearer et al., 2006), yet the prolonged volcanism remains a puzzling 
phenomenon. Our findings of a lunar lower mantle origin for the CE-5 
basalts lead to two hypotheses. Firstly, mantle convection may have 
persisted in the deep lunar mantle until at least two billion years ago, 
triggering decompression melting in upwelling zones (Fig. 9). The IBC 

Fig. 6. Results of average middle cumulate sources for the two LMO compositions. Shown here are the conditions of TIRL = 1 %, IBC = 5, 10, 20 %, and a melting 
degree of 0.02. The calculated results of phase equilibria and trace element batch melting are shown in Table S7. The data processing method in the top REE pattern 
diagrams is the same as in Fig. 5.

R. Li et al.                                                                                                                                                                                                                                        Earth and Planetary Science Letters 671 (2025) 119650 

7 



layer formed during the late stage of LMO crystallization and was 
enriched in heat-producing elements (K, Th, and U) due to the presence 
of trapped late-stage melt (Hess and Parmentier, 1995; Li et al., 2019). 
The IBC layer was gravitationally unstable and thus sunk to the lunar 
core-mantle boundary (Borg and Carlson, 2023; Hess and Parmentier, 
1995; Li et al., 2019; Liang et al., 2024; Zhao et al., 2019). While earlier 
studies favored weak or absent lunar convection (Pritchard and Ste
venson, 2000; Shearer et al., 2006), the heat-producing elements carried 
down by the IBC materials may have resulted in sustained heating of the 
lowermost mantle, driving convection in at least the deep lunar mantle 
(Borg and Carlson, 2023; Laneuville et al., 2018; Liang et al., 2024). 
Recent paleomagnetic studies of CE-5 basalts suggest a weak dynamo 
during their formation (Cai et al., 2025), indicating the presence of 
thermal convection in the deep lunar interior during the later stages of 
the Moon’s evolution. However, this interpretation remains debated, as 
earlier studies argued that the Moon did not possess a long-lived core 
dynamo, and that the remanent magnetization of lunar regolith instead 
reflects ion transport from the solar wind and Earth’s magnetosphere 
(Tarduno et al., 2021). Thermally driven convective upwelling in the 
deep mantle might entrain a small amount of IBC materials, serving as a 
possible source for the CE-5 basalts (Shearer et al., 2006; Su et al., 2022). 
Another important consequence of the IBC-induced overturn is the 
mantle-scale mass redistribution. This process could have transported 
the shallowly formed Cpx-rich cumulates into the lower mantle (Borg 

and Carlson, 2023; Li et al., 2019; Liang et al., 2024), which later 
became the major source components of the CE-5 basalts indicated by 
our findings.

Another possibility is that the CE-5 magma may have tapped a melt- 
bearing layer near the core-mantle boundary (Fig. 9). Geophysical in
verse analyses combined with phase equilibrium modeling suggest the 
existence of a partially molten zone, likely containing some garnet, in 
the lowermost mantle just above the lunar core (Khan et al., 2014; 
Weber et al., 2011). The U, Th, and K-rich IBC materials, accumulated at 
the core-mantle boundary, may have triggered direct melting at the 
lunar core-mantle boundary by radiogenic heating, and this melt layer 
may have persisted to the present (Khan et al., 2014). This scenario is 
also consistent with thermal evolution modeling (Zhang et al., 2013). 
Depending on their FeO and TiO2 contents, and thus densities, melts 
with lower densities could rise and serve as the primary sources of CE-5 
basalts (Khan et al., 2014; Li et al., 2019). More recent studies of the 
Moon’s yearly gravity change due to tides further suggest that only 
models with a soft layer, potentially a melt-bearing layer, at the bottom 
of the mantle match current observations (Goossens et al., 2024).
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