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Abstract Due to their high density, the ilmenite-bearing
cumulates (IBC) (with or without KREEP) formed during
the late-stage lunar magma ocean solidification are thought
to sink into the underlying lunar mantle and trigger lunar
mantle overturn. Geophysical evidence implied that IBC
may descend deep inside the Moon and remain as a partially
molten layer at the core-mantle boundary (CMB). However,
partial melting may have occurred on the mixed mantle
cumulates during the sinking of IBC/KREEP and the silicate
melt may be positively buoyant, thus preventing the IBC/
KREEP layer from sinking to the CMB. Here, we perform
thermodynamic simulation on the stability of lunar mantle
cumulates at different depths mixed with different amounts
of IBC/KREEP from an updated LMO model. The modeling
results suggest that the sinking of IBC/KREEP will cause
at least 5 wt% partial melting in the shallow (~ 120 km) and
a much larger degree of partial melting in the deep lunar
mantle (~420 km). Due to the density contrast with the sur-
rounding mantle, IBC/KREEP-bearing melts could poten-
tially decouple under certain conditions. The modified lunar
mantle by sinking of IBC/KREEP can better explain the for-
mation of different kinds of lunar basaltic magma than the
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primary lunar mantle formed through differentiation of lunar
magma ocean. Sinking of IBC/KREEP back into the lunar
mantle may introduce plagioclase, clinopyroxene, garnet,
and incompatible radioactive elements into the deep lunar
mantle, which will further affect the thermal and chemical
evolution of the lunar interior.

Keywords Ilmenite-bearing cumulate - KREEP - Partial
melting - Lunar mantle overturn - pMELTS

1 Introduction

The Moon is hypothesized to have originated from a debris
disk formed by a giant impact between the proto-Earth and
a Mars-sized impactor, Theia. The subsequent accretion pro-
cess is believed to have generated sufficient heat to produce
a large-scale, potentially even Moon-wide magma ocean
(Lunar Magma Ocean, LMO) (e.g., Canup and Asphaug
2001; Cuk and Stewart 2012; Hartmann and Davis 1975).
Many different models have been proposed to describe the
differentiation process of LMO (e.g., Charlier et al. 2018;
Elkins-Tanton et al. 2011; 2017; Lin et al. 2020; Rapp and
Draper 2018; Schmidt and Kraettli 2022; Snyder et al. 1992).
These LMO solidification models suggest that Mg-rich
minerals crystallized first from the cooling LMO to form
the primitive mantle, followed by plagioclase crystallizing
and rising to form the anorthositic crust. Ilmenite-bearing
cumulates (IBC) and urKREEP (LMO residuum enriched in
potassium, rare earth elements, and phosphorus) formed at
the final stage of the LMO solidification are thought to have
a significant effect on the thermo-chemical evolution of the
lunar interior (Hess and Parmentier 1995; Zhao et al. 2019;
Zhong et al. 2000). Due to their high density, the IBC layer,
with or without the KREEP component, is gravitationally
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unstable and susceptible to Rayleigh—Taylor instabilities.
This instability can trigger the foundering of the IBC layer
into the underlying lunar mantle cumulate, potentially initi-
ating lunar mantle overturn (Elkins Tanton et al. 2002; Hess
and Parmentier 1995).

Lunar mantle overturn may have induced potential par-
tial melting within the lunar mantle, primarily through
two mechanisms: (1) the introduction of LMO late-stage,
low-melting temperature components lowered the solidus
temperature of the deep mantle, causing partial melting, or
(2) the ascent of deep mafic material resulted in adiabatic
decompression melting. These processes generated relatively
ancient cryptomare basalt, mg-suite, and other products of
early lunar magmatic activity (Elardo et al. 2011; Prissel
and Gross 2020; Shearer et al. 2015; Zhong et al. 2000).
Geophysicists have proposed that there is a boundary layer
containing melt at the core-mantle boundary of the Moon
(Garcia et al. 2011; Khan et al. 2004, 2014; Weber et al.
2011), and the formation of this melted layer may also be
related to IBC (Parmentier et al. 2002; van Kan Parker et al.
2012; Zhang et al. 2017; Zhong et al. 2000). In other words,
the IBC layer can sink deep into the core-mantle boundary
of the Moon.

Nonetheless, the lunar mantle overturn scenario as
the driving mechanism for early lunar magmatic activi-
ties has been criticized and the initiation and duration of
lunar mantle overturn remain controversial. According to
the LMO model, plagioclase crystallization (forming the
primary anorthositic lunar crust) occurred near the end
of LMO differentiation (> 70 PCS), while ilmenite crys-
tallization began later than plagioclase, during ~ 88-97
PCS (Charlier et al. 2018; Elardo et al. 2011; Ju et al.
2022; Lin et al. 2017; Snyder et al. 1992). If the forma-
tion of intrusive Mg-suite and alkali-suite within the lunar
crust resulted from an IBC-induced mantle overturn, they
should be formed after the lunar crust’s formation. How-
ever, the available age data for lunar samples indicate a
heavy overlap among the early lunar magmatic samples
(e.g., Borg et al. 2011, 2020). To explain the overlapping
age, some researchers proposed that the lunar mantle
overturn caused by sinking of IBC occurred before the
end of LMO differentiation, that is, the formation of the
lunar crust was accompanied by the lunar mantle overturn
(Borg et al. 2015; Boukaré et al. 2018; Elardo et al. 2011,
Maurice et al. 2017; Prissel and Gross 2020; Shearer et al.
2015). To some extent, the formation of IBC is coinstan-
taneous with the crystallization of some plagioclase, thus
the initiation of IBC sinking can occur at a relatively early
stage. However, the question remains. The melting tem-
perature of IBC is relatively low (< 1000 C) (e.g., Ju et al.
2022) and the temperature inside the Moon at the early
stage could be much higher than 1000 °C, thus re-entry
of these dense and low-melting materials into the lunar

mantle will inevitably lead to partial melting of the lunar
mantle cumulates. Therefore, whether IBC can success-
fully reach the lower lunar mantle, remains to be verified
by experiments or theoretical studies.

Previous studies have emphasized the importance of
IBC in the early lunar magmatic activity (Hess and Par-
mentier 1995; 2001), and the rheological properties of
ilmenite-bearing cumulates have also been studied by
high-temperature and high-pressure experiments (Dygert
etal. 2016, 2017; Pommier et al. 2024). These new physi-
cal properties data about IBC set new parameters for the
dynamic simulation of the lunar mantle overturn process,
providing new constraints on simulating the “fate” of IBC.
However, most dynamic simulations assume that the sub-
sidence process is mainly solid flow, and the occurrence
of Rayleigh instability is largely dependent on the relative
viscosity of the IBC layer and the surrounding rock (e.g.,
Elkins Tanton et al. 2002; Hess and Parmentier 1995).
Therefore, the subsidence mode and extent of IBC are not
only affected by the thickness of the IBC layer but also
depend on the composition and the thermal state of the
lunar mantle at the time of the overturn (e.g., Li et al.
2019; Zhang et al. 2022; Zhao et al. 2019). Such infor-
mation is mainly dependent on the interpretation of the
few available lunar earthquake data and experimental con-
straints (Garcia et al. 2011, 2019; Harada et al. 2014; Khan
et al. 2014; Matsumoto et al. 2015). Most importantly, the
available dynamic simulations do not consider the reaction
between IBC or KREEP with the lunar mantle cumulates
during the sinking process (e.g., Li et al. 2019). Moreover,
the LMO model has been updated in many aspects, such
as the depth of the lunar magma ocean, the mineral com-
position and structure of the deep Moon, and the time and
thickness of the crystallization of the IBC layer (Jing et al.
2022; Johnson et al. 2021; Lin et al. 2017, 2020; Rapp and
Draper 2018).

As mentioned above, if IBC occurs in partial melting
during subsidence or induces partial melting of deep lunar
mantle cumulates, it will inevitably change the properties
of the IBC layer, including chemical composition, viscos-
ity, density, etc. The extraction of the formed melt (mostly
titanium-rich melt) (whether floating or sinking) should
leave a considerable change on the primitive lunar mantle.
In this study, we adopt new parameters from the updated
LMO models and perform thermodynamic calculations by
using the algorithm pMELTS to investigate the fate of the
IBC/KREERP layer in the lunar mantle. We constrain the par-
tial melting conditions of the mixed lunar mantle cumulates
at different depths and the composition and migration of
the melting products; we also explore whether the IBC and
KREEP are decoupled during lunar mantle overturn, and the
composition and structure of the lunar mantle modified by
lunar mantle overturn process.
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2 Methods
2.1 Composition of IBC and lunar mantle cumulates

There have been several high-temperature and high-pressure
experimental studies and numerical simulations on LMO
models (Charlier et al. 2018; Elkins-Tanton et al. 2011;
2017; Lin et al. 2020; Rapp and Draper 2018; Schmidt and
Kraettli 2022; Snyder et al. 1992). Although these mod-
els adopted different initial bulk compositions and depth
of LMO and different crystallization modes, these LMO
models generally agree that a variety of mafic lithologies
(olivine, orthopyroxene, and clinopyroxene) were produced
at the early stage of the LMO fractionation and formed a
heterogeneous mantle. In this study, we chose mantle cumu-
lates and IBC/KREEP from the LMO model by Lin et al.
(2017), which sets LMO depth as ~700 km (3 GPa) con-
trasting with earlier shallow LMO models that typically
assumed a depth of 400 km (Snyder et al. 1992). This two-
stage (refers to the LMO solidification that transitions from
an initial equilibrium crystallization stage to subsequent
fractional crystallization process) LMO model formed a
stratigraphic layered lunar interior from top to bottom as
anorthosite crust (plagioclase + quartz), followed by the IBC
layer (ilmenite + clinopyroxene) and the upper lunar mantle
as olivine + clinopyroxene layer, and the lower lunar mantle
as olivine + orthopyroxene cumulates. It offers a more com-
plete mineralogical composition and elemental abundances
of both the upper and lower lunar mantle, as well as the IBC
and KREEP components. In contrast, other LMO models
are not taken as examples due to either a shallow magma
ocean (Snyder et al. 1992) or continuous fractional crys-
tallization throughout the entire process (Rapp and Draper
2018; Schmidt and Kraettli 2022). To simplify the model,
we merged several small layers with nearly identical com-
positions and divided the LMO primitive cumulates into
three distinct lunar stratigraphies: the lower lunar mantle
(75% olivine +25% orthopyroxene), the upper lunar man-
tle (11% olivine + 89% clinopyroxene), and the IBC layer
(85% clinopyroxene + 15% ilmenite) (Table 3). It should be
noted that in most LMO models, the lowermost cumulate
layer is dunite (e.g., Charlier et al. 2018; Elardo et al. 2011,
Ju et al. 2022; Snyder et al. 1992), while the lower lunar
mantle cumulates used in this study is a harzburgite layer,
which may lead to a relatively lower melting temperature
of this layer.

2.2 Thermodynamic calculation
Different degrees of partial melting on the mixed cumulates
in the lunar mantle following the lunar mantle overturn has

been simulated using the thermodynamic phase-equilib-
rium program pMELTS_v5.6.1 (Ghiorso et al. 2002). It is
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an updated version of the MELTS program (Ghiorso and
Sack 1995) that simulates the solid—solid and solid-liquid
phase equilibrium in silicate systems at high-temperature
and high-pressure conditions. pMELTS is applicable to the
pressure ranges of 1 —3 GPa and is widely used to simulate
various igneous processes on the Moon (Arai and Maruyama
2017; Elardo and Astudillo Manosalva 2023; Klaver et al.
2024, 2021; Luo et al. 2023). To simulate the possible mixed
lunar mantle compositions after lunar mantle overturn, dif-
ferent amounts (0 wt%, 10 wt% 20 wt%, 30 wt%, 40 wt% and
50 wt%) of the late components from LMO model (IBC and
KREEP, compositions are shown in Tables 1 and 2, com-
pared with compositions reported in other studies) (Ju et al.
2022; Lin et al. 2017; Neal and Taylor 1989; Van Orman and
Grove 2000; Warren 1989) were added to olivine + clinopy-
roxene layer at 0.6 GPa (the shallow lunar mantle) and oli-
vine + orthopyroxene layer at 2 GPa (the deep lunar mantle),
respectively (Table 3). We then performed phase equilibrium
calculations on the possible melting process resulting from
these mixed mantle components to obtain melting tempera-
tures at different degrees of partial melting (5 wt%, 10 wt%,
20 wt%, 30 wt%, 40 wt% and 50 wt%). The oxygen fugacity
in the calculations was controlled at the iron-wiistite (IW)
buffer, which is considered to closely approximate the oxy-
gen fugacity conditions within the lunar interior (Elardo and
Astudillo Manosalva 2023; Longhi 1992; Luo et al. 2023).
In the calculation process, we can track the composition and
density of the melt and the mineral assemblage of the resid-
ual solid. In pMELTS, the density of melt is calculated using
a third-order Birch-Murnaghan equation of state (Ghiorso
et al. 2002):

Table 1 Compositions of IBCs from different LMO models

wt% Lin et al. (2017) Juetal. (2022)" TiCum®
Si0, 4520 45.52 41.61
TiO, 9.22 1.65 9.10
AlLO, 2.56 1.74 2.80
Cr,0, - 1.37 0.00
FeO 23.91 22.72 29.60
MnO - 0.42 0.00
MgO 16.84 11.90 7.50
CaO 3.08 14.64 8.20
Na,O - 0.03 0.00
K,0 - 0.00 0.00
Mg# 55.66 48.29 31.11

“Integration of two ilmenite-rich layers
“Integration of the last four layers within the 1000 km LPUM-LMO
in the Ju et al. (2022) model

“Composition from Van Orman and Grove (2000), which is similar to
the solid assemblage proposed by Snyder et al. (1992) after 95 PCS
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Table 2. Compositions of Wt% Linetal (2017  Juetal. 2022)°  Rapp and High-K KREEP*  urKREEP

KREEP from dlfferept LMO. Draper (2018)

models and petrological studies
SiO, 46.26 42.71 39.61 50.28 45.60
TiO, 5.14 391 3.51 2.00 2.62
AL O4 8.78 7.16 591 15.12 7.59
Cr,04 - 0.06 - 0.18 0.00
FeO 26.45 29.43 32.75 10.29 27.80
MnO - 0.65 0.66 0.14 0.00
MgO 2.01 0.41 0.89 8.29 0.42
CaO 11.01 1491 11.32 9.79 9.42
Na,O - 0.30 0.52 0.94 0.22
K,0 - 0.30 0.24 0.96 1.29
P,05 - - 4.20 0.80 3.85
Mg# 11.93 2.42 4.62 58.95 2.62
#Composition from the melt at 96.4-99.9 PCS
®Composition from the melt at 97.8-99.6 PCS of 1000 km LPUM-LMO
“Composition from Warren (1989)
dComposition from Neal and Taylor (1989)

Table 3 Compositions of lunar Linetal. 2017) Linetal. (2017) Juetal. (2022) Juetal (2022) Elardo  Elardo

mantle cumulates from different et al. et al.

LMO models 2011) 2011)

0.6 GPa 2 GPa 0.53 GPa 1.89 GPa 1 GPa 2 GPa

Si0,  51.57 43.80 45.68 52.48 45.58 44.65
TiO, 0.67 0.06 0.08 0.02 0.03 0.01
ALO; 378 0.70 1.71 1.16 1.04 0.80
Cr,04 - - 0.95 0.36 0.55 0.46
FeO 13.51 9.07 16.57 4.66 7.20 7.14
MnO - - 0.25 0.08 0.10 0.10
MgO  27.50 45.94 33.30 40.72 45.59 45.73
CaO 2.93 0.40 143 0.53 0.77 0.39
Na,O - - 0.02 0.01 0.00 0.00
K,O - - 0.00 0.00 0.00 0.00
Mg#  78.40 90.03 78.17 93.97 91.86 91.94

The LMO cumulate compositions of Lin et al. (2017) and Ju et al. (2022) have been merged and simplified
appropriately, and the compositions of Elardo et al. (2011) cumulate are all derived from LPUM-LMO

S ORI GO
2 Vv Vv 4 14
ey
In this equation, the reference volume (V)), isothermal
bulk modulus (K), and the pressure derivative of the bulk
modulus (K’) are all calibrated using experimental data
(e.g., Agee and Walker 1993; Miller et al. 1991). Notably,
PMELTS demonstrates a good prediction with the density
of Apollo 14 black glass at its liquidus temperature (Cir-
cone and Agee 1996; Ghiorso et al. 2002), suggesting that
pMELTS provides a reasonable estimate of the density of
high-Ti lunar magmas.

3 Results

3.1 The effect of IBC/KREEP on the melting
temperature of lunar mantle cumulates at different
depth

Figure 1 shows the effect of IBC and KREEP on melt-
ing temperature of lunar mantle cumulates in the shallow
(0.6 GPa, ~ 120 km, Tables 4 and 6) and deep (2 GPa,
~420 km, Tables 5 and 7) lunar mantle. Hybridizing the
primitive lunar mantle cumulates crystallized from LMO
with IBC/KREEP can dramatically lower the melting
temperature of the mantle mixtures. To generate 5 wt%

@ Springer
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Fig. 1 Melting temperatures of IBC/KREEP mixed with lunar mantle cumulates under two different pressure conditions calculated by pMELTS.
The melting temperatures of a IBC mixture at 0.6 GPa; b KREEP mixture at 0.6 GPa; ¢ IBC mixture at 2 GPa; d KREEP mixture at 2 GPa

of melt in the upper lunar mantle, the addition of 10 wt%
IBC can lower the melting temperature by ~30 °C and
if the fraction of IBC is as large as 50 wt%, the melting
temperature can drop to 1180 °C, which is about ~70 °C
lower than the melting temperature of the primitive lunar
mantle cumulates formed through lunar magma ocean dif-
ferentiation (Ju et al. 2022). The melting temperatures
of the deeper lunar mantle (2 GPa) appeared to be more
sensitive to the mixing with these late LMO components,
especially for the relatively small amount of addition of
IBC (<30 wt%) (Fig. 1c). For the lower lunar mantle, the
addition of 10 wt% IBC can lower the melting tempera-
ture by 74 °C when the partial melting degree is about
5 wt% and the melting temperature drops to 1330 °C
when the amount of IBC is 50 wt%, which is about 250 °C
lower than the melting temperature of the primitive lower
lunar mantle. The overall effect of KREEP material on
lowering the melting temperature (Fig. 1b, d) is more
profound than that of IBC (Fig. 1a, c¢), showing that an

@ Springer

increase in the proportion of KREEP leads to a faster
decrease in the melting temperature compared to adding
IBC. For the upper lunar mantle, to get a relatively lower
degree of melting (< 10 wt%), adding IBC and KREEP
shows a similar effect on the melting temperature of the
mixture when the fraction of IBC/KREEP is no more than
20% (Fig. 1a, b). Considering a partial melting degree of
5 wt%, when the amount of IBC/KREEP increases from
30 wt% to 50 wt%, mixing with KREEP material can dra-
matically lower the melting temperature (AT is ~ 100 °C)
while adding 20 wt% more IBC only lower the melting
temperature from 1219 to 1180 °C (Table S3, Table 6).
However in the case of a larger degree of partial melt-
ing (F >30), the KREEP curve is still below that of IBC
(Fig. 1a, b). The difference between the two curves is
smaller at higher pressure compared to the low pressure,
meaning that in the lower lunar mantle, the difference of
influence on melting temperature between IBC-bearing
and KREEP-bearing mantle cumulates becomes smaller
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Table 4 pMELTS calculation

" Melt Frac. IBC Frac. SiO, TiO, AlLO; Cr,0; FeO MnO MgO CaO Na,0O K,0O mg#
results of melts compositions - :
(wt%) for the Lin et al. (2017) F=5 0% 43.61 561 13.99 - 15.88 — 941 11.10 - - 5137
Zr(‘)agﬂgpjin;‘ﬂﬁfiiﬁgfj:;m 10% 3464 1908 1136 — 1584 — 730 1135 — - 4511
mantle with varying IBC 20% 30.07 2755 971 - 15.18 - 6.10 1097 - - 4172
fractions and degrees of partial 30% 31.01 2598 927 - 16.23 — 6.29 10.78 - - 40.88
melting 40% 26.86 36.02 779 - 14.08 — 465 1021 - - 37.04
50% 2338 4465 674 - 1224 - 339 926 — - 33.08
F=10 0% 4488 429 1370 - 1592 - 970 11.09 — - 5206
10% 39.44 1159 11.99 - 1694 — 851 11.09 — - 4723
20% 3419 19.89 1044 - 17.08 — 7.15 10.80 — - amn
30% 3253 2296 9.50 - 17.38 - 6.68 1049 — - 4065
40% 3346 2147 897 - 18.55 — 6.89 10.19 — - 3984
50% 3079 2831 7.92 - 17.26 - 552 976 — - 3633
F=20 0% 4760 281 11.69 - 16.77 - 1229 844 - - 5665
10% 4410 674 1074 - 18.16 — 1126 857 - - 5250
20% 40.83 10.83 9.88 - 1923 - 10.18  8.60 - - 4854
30% 3775 1505 9.12 - 19.99 - 9.02 861 - - 4458
40% 3484 1939 841 - 2043 - 783 861 — - 4059
50% 3490 1934 7.87 - 21.15 - 7.69 855 — - 3934
F=30 0% 4958 207 977 - 16.86 — 1457 674 - —  60.64
10% 4693 476 9.11 - 1833 — 1370 674 - - 5712
20% 4434 755 854 - 19.65 — 1269 678 - - 5352
30% 4190 1037 8.01 - 20.80 - 1165 679 - — 4996
40% 39.68 13.14 748 - 2181 - 10.64 677 - - 4651
50% 3750 16.04 7.01 - 2263 - 954 678 - Y LX)
F=40 0% 5120 161 816 - 1645 - 16.56  5.64 - - 6421
10% 4894 368 7173 - 1791 - 1567 5.65 - - 60.94
20% 4682 575 129 - 1928 — 1480 5.63 - - 57177
30% 4470 789 692 - 20.59 - 1379 565 - - 5442
40% 4278 996 652 - 2179 - 1284 563 - - 5123
50% 40.89 12.11 6.16 - 2290 - 11.81 5.64 — — 4789
F=50 0% 5251 131 694 - 1576 — 18.19 490 - - 6729
10% 50.56 298 6.62 - 17.17 - 1737 490 - - 6432
20% 48.68 4.65 630 - 18.54 - 16,52 4.88 - - 6137
30% 4681 637 601 - 19.89 - 1559 4.89 - - 5827
40% 4504 806 571 - 21.18 - 1465 4.89 - - 5521
50% 4339 972 540 - 2240 - 13.73  4.87 - - 5221

(Fig. 1c, d). In the case of F=50, the fractions of IBC/
KREEP are 30 wt%, 40 wt%, and 50 wt%, and the melting
temperature differences of the two different mixed cumu-
lates in the shallow part of the lunar mantle are 43 °C,
51 °C and 69 °C, respectively, while in the deeper lunar
mantle, the difference is relatively smaller as 27 °C, 41 °C
and 59 °C, respectively.

For the deeper lunar mantle, the small amount of IBC/
KREEP shows huge impact on the melting temperature
of the mixed cumulates, but the effect of IBC/KREEP
becomes less evident as the amount of IBC/KREEP in the
mixture increases (Fig. 1c, d). For example, for 5 wt% par-
tial melting, the addition of the first 10 wt% KREEP causes

the melting temperature of the lunar mantle cumulates to
decrease by 102 °C, while the effect of 50 wt% KREEP on
melting temperature is only 4 °C lower than that of 40 wt%
of KREEP on the lower lunar mantle cumulates. It is worth
noting that to make small degree of partial melting of the
lower lunar mantle cumulate, the effect on melting tem-
perature of KREEP is less profound than that of IBC when
the addition of late LMO components is more than 20 wt%
(Fig. 1c, d), and the addition of 10 wt% more IBC (from
40 wt% to 50 wt%) to the lower lunar mantle causes the
melting temperature increased (Fig. 1c¢). A similar situa-
tion occurred in the case of KREEP as well although not as
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Table 5 Thermodynamic

. Melt Frac. IBC Frac. SiO, TiO, AlLO; Cr,0; FeO MnO MgO CaO Na,0O K,O mg#
calculation results of melts - ‘

compositions (wt%) for the Lin F=5 0% 4336 0.80 6.00 16.27 3111 221 77.31

B 10% 3499 1552 4.02 16.85 2371 465 7149

lunar mantle with varying TBC 20% 2770 3147 297 15.09 15.87 6.66 65.21

fractions and degrees of partial 30% 20.94 48.08 2.12 11.87 9.21 7.58 58.03

melting 40% 14.57 63.87 1.30 8.74 5.10 6.27 50.98

50% 18.59 53.46 1.59 12.21 638 7.56 48.23

F=10 0% 4456 049 4.41 15.79 32.87 1.64 78.77

10% 3879 857 3.88 17.83 2752 3.15 73.34

20% 3401 16.74 3.44 18.86 22,13 4.55 67.66

30% 2972 2521 3.08 18.98 1698 5.75 61.45

40% 2586 33.69 2.75 18.37 1246 6.59 5473

50% 2225 4221 242 17.14 8.74 6.97 47.61

F=20 0% 4591 028 2.90 14.54 3495 1.19 81.08

10% 4192 466 3.05 17.10 3093 2.08 76.33

20% 38.54 888 3.05 19.31 27.02 2.92 71.37

30% 35.54 13.07 3.00 21.21 23.19 3.69 66.09

40% 3272 17.50 2.95 2272 19.38 4.42 60.33

50% 30.16 21.94 2.88 23.82 15.84 5.03 54.23

F=30 0% 4678 0.19 2.19 13.33 36.33 0.97 82.93

10% 4371 314 242 15.79 33.09 1.61 78.88

20% 4086 6.07 257 18.25 2974 2.23 74.39

30% 3826 9.00 2.65 20.59 2639 2.83 69.55

40% 35.87 11.93 2.69 2274 23.08 3.38 64.40

50% 33.68 14.85 2.71 24.69 19.86 3.87 5891

F=40 0% 4743 014 175 12.20 37.45 0.82 84.55

10% 4484 241 2.02 14.60 3455 1.35 80.84

20% 4240 463 220 17.00 31.66 1.85 76.85

30% 4009 6.87 233 19.41 28.68 2.33 72.48

40% 37.99  9.03 241 21.72 2577 2.77 67.90

50% 36.02 11.19 2.47 23.98 2284 3.18 62.93

F=50 0% 46.09 0.1 1.39 11.67 39.85 0.69 85.88

10% 4570 195 1.73 13.51 3570 1.18 82.48

20% 4359 373 191 15.75 33.19 1.59 78.98

30% 4156 549 2.06 18.05 30.59 1.99 75.14

40% 39.55 732 2.18 20.45 27.83 2.38 70.81

50% 3774 9.04 225 2276 25.17 2.73 66.34

obvious as the case of adding IBC to the deep lunar mantle
(Fig. 1d).

At the same depth, the effect on decreasing melting tem-
perature of lunar mantle cumulate by adding IBC/KREEP
becomes slightly less significant as the degree of partial
melting increases, and this is somewhat more pronounced
at deeper lunar mantles, e.g., the addition of 50 wt% of IBC
to the deeper mantle causes the melting temperature of the
lunar mantle cumulate to decrease by 253 °C for 5 wt%
partial melting while 50 wt% of IBC can reduce the melt-
ing temperature by only 117 °C when the melting degree is
about 50 wt% (Fig. 1c), compared with the primitive lunar
mantle. In the shallow level of the lunar mantle, however,
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this effect appears to disappear. At a constant mixing ratio of
50 wt% IBC, the reduction in melting temperature observed
for 20 wt% partial melting compared to the primitive lunar
mantle cumulate is approximately 70 °C. This reduction
is comparable to the decrease observed for 50 wt% partial
melting under the same mixing conditions (Fig. 1a).

3.2 The changes in lunar mantle constitution caused
by lunar mantle overturn

Adding IBC/KREEP back to the lunar mantle will also cause
changes in the mineral component of the lunar mantle. For
example, adding IBC to the upper lunar mantle will increase
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Table 6 Thermodynamic

calculation results of melting Melt Frac. IBCFrac. ppai  Psotia AP Tietting  SP Cpx Opx Ol Fe-Ti oxide
temperatures (C), residual F=5 0% 295 326 0317 1254  0.00 2596 63.99 10.06 0.00
solids compositions (wt%), 10% 312 328 0166 1225 000 28.06 63.19 875 0.0
densities (g/cm’), and melt
densities for the Lin et al. 20% 321 330 0091 1214  1.62 3097 6146 595 0.00
(2017) mantle cumulate at 30% 321 332 0118 1219 443 3137 6251 1.68 0.00
~120 km (0.6 GPa) within 40% 329 335 0055 1202 557 3325 61.17 0.00 0.00
the lunar mantle with varying 50% 337 337 —0002 1180 397 4090 5443 000 228
IBC fractions and degrees of
partial melting (Sp. Spinel; F=10 0% 293 326 0330 1264 0.00 4.68 8352 11.80
Cpx. clinopyroxene; 10% 3.04 328 0239 1242 0.00 899 80.95 10.06
Opx. Orthopyroxene; 20% 3.14 329 0.148 1226  0.00 14.02 7699  8.99
OL-Olivine) 30% 319 331 0128 1223 225 1907 7347 521
40% 318 333 0151 1228 490 1637 7759 1.14
50% 324 335 0116 1217 574 2582 6844  0.00
F=20 0% 290 324 0335 1309 000 000 8425 15.75
10% 298 326 0280 1288 0.00 0.00 86.70 13.30
20% 305 327 0226 1271 000 0.00 8855 11.45
30% 311 329 0175 1256 000 0.0 90.02 9.98
40% 318 330 0.127 1242 000 000 91.15 8.85
50% 3.19 333  0.143 1242 334 000 9323 3.43
F=30 0% 288 322 0337 1343 000 000 79.51 20.49
10% 294 324 0295 1325 000 000 82.53 17.47
20% 300 325 0253 1308  0.00 0.00 8525 14.75
30% 305 327 0213 1293 000 000 87.51 12.49
40% 310 328 0176 1280 000 0.0 89.37 10.63
50% 316 330 0.140 1267 000 0.0 9097  9.03
F=40 0% 287 321 0342 1369  0.00 000 7299 27.01
10% 291 322 0307 1352 0.00 000 77.04 22.96
20% 296 323 0272 1337 0.00 000 80.50 19.50
30% 301 325 0238 1322 000 000 8381 16.19
40% 305 326 0205 1309 000 0.00 8655 13.45
50% 310 327 0173 1296 000 0.0 89.03 10.97
F=50 0% 285 320 0351 1388 000 0.00 63.73 36.27
10% 280 321 0320 1373 000 0.00 6887 31.13
20% 293 322 0290 1359  0.00 000 73.56 26.44
30% 297 323 0258 1345 000 000 78.15 21.85
40% 3.02 324 0228 1332 0.00 000 82.16 17.84
50% 306 325 0199 1320 000 0.00 85.67 14.33

the proportion of clinopyroxene and slightly decrease the
proportion of olivine (Fig. 2a, b), but clinopyroxene will
almost disappear if a large degree (> 20 wt%) of partial melt-
ing happens, in which case the proportion of orthopyrox-
ene increases (Fig. 2c, d, e, f). For the case that the degree
of partial melting is no more than 10 wt%, the calculation
results show the appearance of other mineral phases besides
olivine and pyroxene, such as spinel when the fraction of
IBC is greater than 20 wt%, and Fe—Ti oxide appears when
the F=5 and the IBC content greater than 40 wt%. The
formation of spinel or Fe-Ti oxide can explain the sharp
changes in melting temperature mentioned above (Fig. 1).
Mixing KREEP with the upper lunar mantle cumulate shows

very different effects on the constitution of the lunar man-
tle cumulate. For example, the proportion of clinopyrox-
ene largely increases even after the large degree of partial
melting, and adding more KREEP will largely decrease the
proportion of orthopyroxene and olivine in the upper lunar
mantle (Fig. S1). For the cases where the degree of par-
tial melting is less than 20 wt%, the residual solid mantle
contains some amount of plagioclase (~1 wt%—10 wt%,
Fig. Sla, b, ¢), which again can explain the unusual melt-
ing temperature changes present in Fig. 1. For the case that
the KREEP proportion is larger than 20 wt%, the modified
lunar upper mantle will be dominated by clinopyroxene if
the melting degree is no more than 20 wt%, which will also
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Table 7 Thermodynamic

calculation results of melting Melt Frac.  IBC Frac.  p_ Psolid Ap Tietting ~ SP Cpx Opx Ol
temperatures (C), residual F=5 0% 3061 3171 0110 1583 000 000 1833  81.67
solids compositions (wt%), 10% 3230 3207 —0.023 1509 000 000 2570 7430
densities (g/cm’), and melt
densities for the Lin et al. 20% 3380 3.240 —0.140 1451 000 000 3239 676l
(2017) mantle cumulate at 30% 3543 3277 —0266 1380 0.00 000 39.00  61.00
~420 km (2 GPa) within the 40% 3748 3317  —0432 1294 000 076 4514  54.11
lunar mantle with varying 50% 3.646 3344  —0302 1330 457 000 5590  39.54
IBC fractions and degrees of
partial melting (Sp-Spinel; F=10 0% 3.047 3162 0116 1597 000 000 1658  83.42
Cpx-clinopyroxene; Opx- 10% 3.168 3.193 0.025 1541 0.00 0.00  24.59 75.41
Orthopyroxene; Ol-Olivine) 20% 3276 3223  —0.053 1496 000 000 3198 68.02
30% 3378 3253 —0.125 1455 0.00 000 39.09 6091
40% 3475 3285 —0.191 1414 000 000 46.10  53.90
50% 3575 3317 —0257 1369 000 000 53.16  46.84
F=20 0% 3023 3.151  0.128 1611 000 000 1264 8736
10% 3111 3175 0.064 1572 000 000 2192  78.08
20% 3.194 3200  0.006 1537 0.00 000 3070  69.30
30% 3274 3225  —0.049 1504 000 000 3922  60.78
40% 3353 3252 —0.101 1471 000 000 4750  52.50
50% 3430 3.280 —0.150 1439 000 000 5562 4438
F=30 0% 3.003  3.143 0140 1619 000 000 747 9253
10% 3072 3.162 0090 1590 000 000 1800  82.00
20% 3.144  3.183  0.039 1561 000 000 2863 7137
30% 3215 3204 —0011 1532 000 000 3890  61.10
40% 3287 3227 —0.060 1503 000 000 4884  51.16
50% 3357 3250 —0.106 1474 0.00 000 5856  41.44
F=40 0% 2985 3.137  0.152 1625 0.00 000 000 100.00
10% 3.046  3.154  0.108 1601 0.00 000 1280  87.20
20% 3.107  3.170  0.063 1577 0.00 000 2549 7451
30% 3.171 3.188  0.017 1552 0.00 000 3797  62.03
40% 3234 3206 —0.028 1527 0.00 000 50.09 4991
50% 3209 3225  —0.074 1501 0.00 000 6201 37.99
F=50 0% 2992 3128  0.135 1639 0.00 000 000 100.00
10% 3.024 3147  0.124 1609 0.00 000 519 9481
20% 3077 3.161 0084 1589 0.00 000 2050  79.50
30% 3133 3175 0042 1568 0.00 000 3597  64.03
40% 3.193  3.190 —0.003 1545 0.00 000 51.16  48.84
50% 3252 3204 —0.048 1522 0.00 000 6603  33.97

be true for the larger degree of partial melting if the mixture
contains more than 30 wt% KREEP (Fig. S1).

Adding IBC to the lower lunar mantle always causes some
increment in the content of orthopyroxene and decreases the
proportion of olivine and the degree of partial melting does
not show the effect on the trend except that a small amount
of spinel can retain in the residual solid lunar mantle if the
melting degree is about 5 wt% (Fig. 3). On the other hand,
mixing varying amounts of KREEP with the primitive lower
lunar mantle cumulate produces distinct changes in mineral
composition, potentially introducing clinopyroxene to the
lower mantle. For the case that the degree of partial melt-
ing is only 5 wt%, garnet appears as a stable phase in the
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residual solid mantle cumulate, and for a relatively large
degree of partial melting, spinel shows up accompanied by
increasing clinopyroxene and decreasing orthopyroxene and
olivine content in the modified lunar mantle cumulate (Fig.
S2).

3.3 Properties of the silicate melt generated
through partial melting of lunar mantle cumulates
mixed with IBC/KREEP

There are some general trends in the chemical composi-
tion of silicate melt that are generated by partial melting of
lunar mantle cumulates mixed with IBC/KREEP. Adding
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Fig. 2 Mineral assemblages of the residual solids for IBC mixed with mantle cumulates at 0.6 GPa for different degree of partial melting (F) up

to 50 wt%

more materials from late LMO differentiation to the lunar
mantle will generate silicate melt with higher FeO and TiO,
content and lower MgO content for the degree of partial
melting from 5 wt% to 50 wt%. High-Ti silicate melt can

be generated if the proportion of IBC in the mixture is as
large as 30 wt% or for a relatively small degree of partial
melting (e.g., <30 wt%, Figs. 4 and 5). With increasing
content of IBC in the mixed upper lunar mantle, the CaO
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Fig. 3 Mineral assemblages of the residual solids for IBC mixed with mantle cumulates at 2 GPa for different degree of partial melting (F) up to

50 wt%

content of silicate melts remains almost unchanged, while
the Al,O; content decreases slightly, the MgO content
decreases sharply, and the TiO, and FeO contents increase
significantly (Fig. 4). In contrast, melts generated by lunar
upper mantle hybridizing with KREEP show that only MgO
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content decreases while TiO,, Al,O5, and CaO contents
increase with increasing proportion of KREEP in the mix-
ture. Their FeO content increases for the situations where the
proportion of KREEP in the mixture is less than 30 wt% and
then decreases if more KREEP is added to the lunar mantle
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Fig. 4 Compositions of silicate melt formed through partial melting of IBC mixed cumulates at 0.6 GPa for different degree of partial melting

(F) up to 50 wt%

cumulates (Fig. S3). Similarly, adding more IBC to the lower
lunar mantle will generate silicate melts with high TiO, con-
centrations up to 8 wt%—60 wt% if the proportion of IBC in
the mixture is as high as 50 wt%. For the case that only 10
wt% IBC was added to the mixture, the TiO, content in the
silicate melt can still be as high as about 10 wt% if the partial

melting degree is not larger than 10 wt%. The melt with high
TiO, content also shows characteristics of relatively high
FeO concentrations (Fig. 5). The silicate melts generated by
adding different amounts of KREEP to the lower lunar man-
tle also show similar trends in their chemical compositions
(Fig. S4). Generally, with increasing amounts of KREEP in
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Fig. 5 Compositions of silicate melt formed through partial melting of IBC mixed cumulates at 2.0 GPa for different degree of partial melting
(F) up to 50 wt%

the mixture, the silicate melts show higher FeO, TiO,, CaO, in the trends of the chemical compositions of silicate melts,
and Al,O; concentrations. For the case with a relatively low  such as their CaO and Al,O; contents increase as the propor-
degree of partial melting (<20 wt%), there are some changes  tion of KREEP increase and then gradually decrease (Fig.
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S4), which is corresponding to the stability of spinel in the
residual solid lunar mantle (Fig. S2).

4 Discussion

4.1 The extent of partial melting of IBC/
KREEP-bearing cumulates at different depths
of lunar mantle

The hypothesis of partial melting occurring within mantle
cumulates during lunar mantle overturn has some important
implications such as explanations for the dynamic stability
of Ti-bearing cumulates at CMB (e.g., Dygert et al. 2016;
Jacobs et al. 2022; Zhang et al. 2017; Zhao et al. 2019), the
unusual low seismic velocities (Nakamura 2005; Weber et al.
2011) and viscosity (Harada et al. 2014), and high electrical
conductivity (Khan et al. 2014) of lunar mantle materials
at CMB (e.g., Garcia et al. 2019; Harada et al. 2014; Khan
et al. 2014; Nakamura 2005; Pommier et al. 2024; van Kan
Parker et al. 2012; Weber et al. 2011; Xu et al. 2022). These
scenarios assume that the high-density IBC can directly sink
to the lowermost lunar mantle although melt-induced viscos-
ity reduction is needed for decoupling IBCs from the top
stagnant lid (e.g., Li et al. 2019). In other words, the extent
of partial melting of lunar mantle cumulate during overturn
is very restricted.

On the other hand, lunar magma ocean differentiation mod-
els have suggested that IBC and KREEP are characterized by
lower melting temperatures compared to other lunar mantle
cumulates formed deep inside the Moon (e.g., Ju et al. 2022;
Lin et al. 2017; Rapp and Draper 2018; Snyder et al. 1992),
implying that during sinking, IBC/KREEP may get heated and
become thermodynamically unstable. In other words, partial
melting may happen during the downwelling of IBC/KREEP.
The solidi and the extent of partial melting of mixed lunar
mantle cumulates largely depend on the lunar mantle ther-
mal condition and the composition of the mixed lunar mantle
cumulates as the calculation results from this study show that
the melting temperature of the mixed lunar mantle cumulates
changes with the proportion of IBC/KREEP (Fig. 1). Due
to the absence of information about the thermal condition
deep inside the Moon during the lunar mantle overturn, we
consider two reference temperature gradients based on: (1)
experiments and numerical simulations on LMO crystalliza-
tion (e.g., Ju et al. 2022; Lin et al. 2017; Rapp and Draper
2018; Schmidt and Kraettli 2022), and (2) geophysical data
interpretations and inverse modeling on the present-day lunar
mantle properties (Hood et al. 1982; Karato 2013; Khan et al.
2014; Zhang et al. 2019). At the early stage of LMO differ-
entiation, the Moon continuously released heat directly to
the cold space through the magma ocean, leading to a grad-
ual cooling Moon. However, upon the onset of plagioclase

crystallization and the subsequent formation of an anorthitic
flotation crust overlying the magma ocean, the presence of
this stagnant anorthositic crust significantly inhibits the cool-
ing of the LMO (Elkins-Tanton et al. 2011). It is reasonable
to assume that the temperature inside the Moon at the end-
ing stage of LMO differentiation is much higher than those
estimated based on geophysical parameters, that resemble the
current condition inside the Moon, but rather close to the tem-
perature conditions used in LMO modeling. Thermodynamic
calculation results from this study revealed that the presence of
IBC/KREEP lowers solidi temperature of lunar mantle cumu-
lates. By adding 50 wt% of IBC, the melting temperature of
the mixture is as low as ~ 1180 °C at 0.6 GPa (120 km) and
it is ~1330 “C at 2 GPa (~420 km). Applying the calculated
melting temperature of the mixed lunar mantle cumulates to
the geotherm of the early Moon, in the shallow lunar mantle,
assuming a thermal gradient approximating that calculated
by Ju et al. (2022) (700 km LMO Model) and a high mixing
efficiency between IBC/KREEP and lunar mantle cumulates,
partial melting degrees of up to 50 wt% can be achieved for
cumulates with 50 wt% IBC content, while for cumulates
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Fig. 6 Comparison of the melting temperature of IBC/KREEP-mix-
ture with lunar mantle geotherms. The melting temperatures of the
IBC/KREEP mixture are shown in blue/red solid lines with square
markers (5 wt% melting) and diamond markers (50 wt% melting).
The black solid line (Ju et al. 2022) and the purple solid line (Schmidt
et al. 2022) represent two different lunar mantle geotherm determined
by experiments or numerical simulations on LMO fractionation. The
temperature at~ 120 km depth is estimated to be~1160 °C for colder
geotherm (green star, as the 5 wt% partial melting temperature of
1166 °C for 30 wt% KREEP-mixture) and~1280 “C for hotter geo-
therm (red star). Similarly, the temperature for colder and hotter geo-
therms at~420 km depth are estimated to be~ 1440 ‘C (yellow star,
as the 5 wt% partial melting temperature of 1451 °C for 20 wt% IBC-
mixture) and~1630 C (blue star), respectively. Notably, the current
highest estimation for the lunar mantle temperature at ~420 km depth
is indicated by the orange star as~ 1320 ‘C, which is nearly equal to
the 5 wt% partial melting temperature of a 50 wt% IBC-mixture
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containing 10 wt% IBC, the melting degree is estimated to be
30 wt% (Fig. 6). If we took the relatively cooler geotherm, then
the solidus of mantle cumulate at 120 km with 50 wt% IBC
is close to the temperature predicted by Schmidt and Kraettli
(2022), in which case, the degree of partial melting is no more
than 5 wt%. For the case to mix mantle cumulate with KREEP,
the solidus of the mixture is about 100 °C lower than the case
mixed with IBC, thus larger degree of partial melting will hap-
pen during overturn. Similarly, compared to our calculation
results at 2 GPa with different geotherms, the solidi of mantle
cumulates with different amounts of IBC/KREEP are lower
than the mantle temperature at 420 km. This suggests a greater
degree of partial melting at depth compared to the shallower
mixed lunar mantle. In an extreme case, mixing the deep lunar
mantle cumulates with 50 wt% IBC, the temperature for 5 wt%
partial melting is only 1330 ‘C, close to the present-day lunar
mantle temperature proposed by Zhang et al. (2019) (Fig. 6).
Along this line, we propose that partial melting could occur
in different depths (> 120 km) of the lunar mantle during the
sinking of IBC/KREEP. This assumption is strengthened when
considering the more realistic scenario of IBC and KREEP
co-subsidence, coupled with the transport of heat-producing
elements K, U, and Th would be carried into the lunar interior
and heating the IBC/KREEP during sinking, thereby facilitat-
ing partial melting of the mixed cumulate.

Given the LMO model (Lin et al. 2017) that we have
chosen for this study, the shallow lunar mantle (~ 120 km)
exhibits an olivine (11%) + clinopyroxene (89%) mineral
assemblage, consistent with some other LMO models (e.g.,
Rapp and Draper 2018). However, the deeper lunar man-
tle (~420 km) is characterized by a harzburgite layer with
25% orthopyroxene in addition to olivine (75%), while other
models exhibit a dunite layer (e.g., Snyder et al. 1992). The
abundance of orthopyroxene in the deeper lunar mantle may
result in a lower solidus in the deeper lunar mantle (2 GPa),
leading to a larger degree of partial melting compared to
other LMO models. Moreover, given the different effects of
KREEP and IBC on the solidi of mixed lunar mantle cumu-
lates, KREEP and IBC may have been decoupling before
they sink to deeper lunar mantle if the degree of partial melt-
ing is large enough for all the incompatible elements carried
by KREEP to partitioning to the silicate melt. If this is what
happened to KREEP during mantle overturn, then there will
be no radioactive heat to trigger partial melting of the lower
lunar mantle.

4.2 Characteristics and distribution of melt induced
by mixing lunar mantle cumulates with IBC/
KREEP

If the sinking of IBC/KREEP during lunar mantle overturn

triggered partial melting of the primordial lunar mantle
cumulates, the resulting melts are likely to be characterized
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by high-Ti content and high density, necessitating considera-
tion of their distribution behavior within the lunar mantle.
The ability of melts to undergo buoyancy-driven separation
from residual solid phases largely depends on the density
contrast (Ap) between the liquid and the surrounding resid-
ual solid mantle rather than viscosity, as melt viscosity is
vastly higher than that of the solid phase (Hess and Parmen-
tier 1995; Spera 1992). As estimated by Hess and Parmentier
(1995) in their study of lunar mantle overturn dynamics, the
reasonable minimum viscosity of solid mafic lunar man-
tle near its melting temperature is 10'® Paes, which is far
greater than the maximum viscosity of even high-Ti Apollo
picritic black glass below its liquidus (~0.9 Paes, Delano
1990). Therefore, only in the dynamics of solid—solid phases
does the viscosity difference between solid phases become a
nearly decisive parameter, determining whether and to what
extent separation can occur (Elkins-Tanton et al. 2011; Li
et al. 2019; Zhao et al. 2019). This study considers only
the density contrast as the primary driving factor for the
buoyancy-driven migration of silicate melts. If the density
of silicate melts is greater than that of the surrounding lunar
mantle material, they will sink to greater depths within
the Moon, possibly reaching the CMB. Conversely, if the
melt density is less than that of the residual solid mantle
cumulates, the silicate melts may rise to the crust-mantle
boundary, or even erupt through fractures in the lunar crust,
forming various types of lunar igneous rocks on the surface.

The gravitational stabilities of the silicate melt gener-
ated during the partial melting of mixed mantle cumulates
are evaluated by comparing the calculated density of the
melt with the density gradient of the surrounding lunar
mantle and the residual lunar mantle solidus. To illustrate
the extreme case (only 5 wt% degree of partial melting),
we compared the densities of melts generated from dif-
ferent mixtures by varying the proportion of IBC/KREEP
(0 wt%—50 wt%) to the density of the surrounding lunar
mantle at the corresponding depth. By adding different
amounts of IBC to the upper lunar mantle and generating
5 wt% melt, the density difference between residual solid
mantle and silicate melt ranges from 0.317 g/cm® (0 wt%
IBC) to — 0.002 g/cm3 (50 wt% IBC) (Table 6). These melts
can be considered to be positively buoyant. It is important
to note that as the degree of partial melting increases, the
density of either the residual solid mantle or the melt will
gradually decrease but the density difference between the
two phases increases (Fig. 7). As the degree of partial melt-
ing increases, the melt density lines will shift slightly to
the left in Fig. 8. Although there are some increments in
density as the amount of IBC or KREEP in the mixed cumu-
lates increases, the densities of both groups of melts are
all lower than the lunar mantle at shallow depth (0.6 GPa,
~120 km) (Fig. 8), therefore, silicate melts will be positively
buoyant concerning the surrounding mantle. For the cases
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Fig. 7 Density differences between solid residual and silicate melts under two different pressure conditions. a IBC mixture and b KREEP mix-

ture at 0.6 GPa; ¢ IBC mixture and d KREEP mixture at 2 GPa

where 5 wt% melt was generated from partial melting of
the mixed mantle cumulates with 50 wt% IBC/KREEP, the
melt density approaches the higher limit of the selected lunar
mantle density gradient (Fig. 8, Khan et al. 2014). For the
same amount of melt, adding more high-density materials
such as IBC to the lunar mantle cumulates will balance out
the density difference between the liquid and the residual
mantle solid, thus making the liquid less buoyancy. For
large degrees of partial melting such as 20 wt%, the small-
est density difference (50 wt% of IBC in the mixture) is
about 0.15 g/cm?® (Fig. 7), suggesting upward movement of
the high-Ti silicate melt. We should also mention that there
are some cases that the density of melt is close to that of the
surrounding lunar mantle, making them neutral buoyancy,
which may crystallize to form ilmenite or armalcolite during
continuous cooling as suggested by Thacker et al. (2009).
In contrast, within the deep lunar mantle (2 GPa,
~420 km), the density of partial melts generated by mixing

lunar mantle cumulates with varying proportions of IBC/
KREEP exhibits a significant increase compared to those
derived from the shallow mantle, while the density of solid
mantle material does not show large variation (Tables 6 and
7). To illustrate, consider the scenario of 5 wt% partial melt-
ing as a representative case, the density of melt increases
from 3.06 to 3.38 g/cm? as the proportion of IBC in the
mixture increases to 20 wt%, in which case the density of
the residual mantle is only 3.24 g/cm’ (Fig. 8). The calcula-
tion results suggest that less than 10 wt% melt generated
by adding more than 20 wt% IBC to the deep lunar mantle
cumulates will make silicate liquid denser than the surround-
ing mantle. Thus, these melts may be negatively buoyant
within the lunar interior and sink to the CMB where they
remain as a partially molten layer until the present day. It is
noteworthy that for higher melt fractions, a greater mixing
degree is required to achieve the mentioned density range.
However, when the melt fraction exceeds 40 wt%, even a
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Fig. 8 Comparison of the density of Fe-Ti/KREEP-rich melts with
corresponding residual solids and the lunar density gradient from
different models (Garcia et al. 2012; Weber et al. 2011; Khan et al.
2014). The density of melt derived from 5 wt% partial melting of
the IBC/KREEP mixture (blue/red solid lines with square markers)
is compared with the surrounding rock (the blue/red solid lines with
diamond markers for residual solid of IBC/KREEP-mixture) and the
recent lunar seismic models at two depths. The solid lines depict
the density increasing from 0 wt% addition at the left endpoint to
50 wt% addition at the right endpoint, indicating a positive correla-
tion between density and increasing degree of mixing

mixing degree as high as 50 wt% cannot produce a density
sufficient for the melt to sink (Fig. 8). On the other hand,
for the cases where the IBC content in the deep mixed lunar
mantle cumulate is less than 20 wt% and the degree of par-
tial melting is over 30 wt%, the density difference between
the solid and the silicate melt is positive, suggesting upward
migration of the silicate melt. However, this situation also
indicates a much hotter lunar interior environment. At this
depth, almost all the calculated KREEP-bearing melts are
less dense than the surrounding lunar mantle. To keep the
KREEP-bearing melts deep inside the lunar mantle will
require comparable density between the solid and the liquid
phase, thus small degree of melting with a large amount
of KREEP in the mixture is needed, indicating a relatively
cold mantle.

Due to the large discrepancy in density between KREEP-
bearing melt and IBC-bearing melt, the two components
may separate during partial melting in the lunar mantle
(Tables 6, 7, S3, and S4). If partial melting happens at the
upper lunar mantle during mantle overturn, both KREEP-
bearing and IBC-bearing melt are much less dense than the
surrounding lunar mantle and, thus will move upward. For
the cases where a large amount of IBC/KREEP (> 30 wt%)
was added to the mantle cumulates but only a small degree
of partial melting (<20 wt%) happened, the density of
IBC-bearing melt is comparable with the solid mantle, but
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KREEP-bearing melt is much less in density, and consid-
ering the lower melting temperature of KREEP-mixtures
compared to IBC-mixtures, thus these two different kinds
of liquid phases may separate. For the cases where partial
melting happened deep inside the Moon (2 GPa, ~420 km),
the densities of KREEP-bearing melts are not significantly
different compared with the residual solid mantle, therefore
most likely remain inside the Moon. As mentioned above,
IBC-bearing melt may downward migration if a large
amount of IBC is mixed with mantle cumulate and causes
less than 20 wt% melting, in which case the KREEP-bearing
melt may separate from IBC-bearing melt (Fig. 7). Based
on the thermodynamic calculation present in this study, if
partial melting happens during the lunar mantle overturn, it
is difficult for KREEP to be transferred to the lower lunar
mantle. However, we simplify the process of lunar mantle
overturn by calculating the effect of IBC and KREEP on
the melting temperature of lunar mantle cumulates sepa-
rately. According to LMO differentiation models, KREEP
is only some drizzles of residual LMO that are attached to
IBC. Therefore, if partial melting happens in the upper lunar
mantle, KREEP-rich materials may move upward, and they
may migrate downward together with IBC-bearing melt if a
small degree of partial melting happens in a relatively deep
mantle.

4.3 Constitution and structure of lunar mantle
after overturn

An important petrological consequence of partial melt-
ing, and melt segregated from its source region driven by
buoyancy is the change in the constitution and structure of
the lunar mantle. As an example, we use the mineral pro-
portions to represent the constitution of the lunar mantle at
different depths. For the cases where partial melting hap-
pened in the upper lunar mantle, then after extraction of
melt, the mantle composition will change from clinopyrox-
ene dominant (89%) to orthopyroxene dominant (> 60%),
and a certain amount of spinel will be contained inside
the mantle if the degree of melting is less than 10 wt%.
Some amount of Fe—Ti oxide will appear if the added IBC
is large enough (> 40 wt%). This modified Ti-Fe-enriched
lunar mantle can serve as a source region for elucidating
the origin of high-Ti lunar basalt. The addition of KREEP
to the upper lunar mantle will not only increase the pro-
portion of orthopyroxene but also result in the formation
of plagioclase. Such kind of modified lunar mantle may
offer a potential explanation for the formation of high-
Al basaltic magma in early Moon magmatic activities,
and further investigation is encouraged to substantiate
this hypothesis. Conventional LMO models assume that
plagioclase floated up during LMO crystallization, form-
ing the anorthositic crust. Even in the case of inefficient
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flotation, only minuscule amounts of trapped melt could be
present within crystal interstices, it is thus difficult to form
an Al-rich magma through partial melting of lunar man-
tle cumulate formed through LMO differentiation. In this
study, our investigation suggests that if significant KREEP
downwelling occurs during lunar mantle overturn, partial
melting of upper lunar mantle cumulates with the addition
of KREEP will stabilize some Al-rich mineral phases such
as plagioclase or spinel in the residual upper mantle and
remelting such kind of mantle cumulates can form basaltic
magma enriched with Al,O;.

If IBC/KREEP sinks to the lower lunar mantle (~420 km)
and causes a certain degree of partial melting, then after
the extraction of these melts, the residual lunar mantle will
change from olivine dominated dunite layer to a cumulate
layer with olivine + orthopyroxene + clinopyroxene. The
existence of a certain amount of clinopyroxene will lower
the melting temperature of the lunar mantle. Moreover, if a
substantial amount of Ti-Fe-rich components was retained
in the residual solid phase following partial melting, it then
crystallized ilmenite in the middle of the lunar mantle, mak-
ing a hybrid heterogeneous mantle source, offering a good
explanation for the relatively deeper source region for the
lunar high-Ti volcanic glasses and low-Ti volcanic glass
(Grove and Krawczynski 2009). On the other hand, if a rela-
tively small degree of partial melting (<20 wt%) happened
at ~420 km during the sinking of IBC, then the large density
of the melt will facilitate the downward percolation of high-
Ti content material through the underlying mantle to the
CMB eventually as suggested by geophysical interpretation
(van Kan Parker et al. 2012).

5 Conclusions

1) Thermodynamic simulation on solidi of lunar mantle
cumulates with IBC/KREEP shows that larger than 5
wt% degree of partial melting would happen if the IBC/
KREEP layer sinks back to primitive lunar mantle crys-
tallized from LMO.

2) The density difference between residual solid mantle and
silicate melt decreases as the extent of partial melting
increases. In most cases, the silicate melt is much less
dense than the surrounding mantle in the shallow lunar
mantle, thus will move upward, but the situation will be
reversed in the lower lunar mantle.

3) The different degrees of partial melting and extraction of
silicate melt will make large modifications to the primi-
tive lunar mantle (e.g., The addition of IBC may lead to
an orthopyroxene-dominated upper lunar mantle, while
the addition of KREEP could introduce a certain amount
of clinopyroxene to the lower lunar mantle).
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