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ARTICLE INFO ABSTRACT

Editor: Dr. F. Moynier The latest stages of the lunar magma ocean (LMO) crystallization led to the formation of ilmenite-bearing cu-
mulates and urKREEP, residual melts enriched in K, rare earth elements (REEs), P, and other incompatible el-

Keywords: ements. Those highly evolved lithologies had major impacts on the petrogenesis of lunar volcanic rocks and the

KREEP basalt compositional diversity of post-LMO magmatism resulting from mantle remelting. Here, we present new

LD,lffe;er,man,on,b,l,t experimental results constraining the composition of the very last liquids produced during LMO crystallization.
ng;i;mmlm iy To test the potential role of silicate liquid immiscibility in the formation of urKREEP, synthetic samples repre-

sentative of residual melts of bulk Moon compositions were placed in double platinum-graphite capsules at
1020-980 °C and 0.08-0.10 GPa in an internally-heated pressure vessel. The produced silicate liquids are
multiply saturated with plagioclase, augite, silica phases, and ilmenite (+ fayalitic olivine + pigeonite). Our
experiments show that the liquid line of descent reaches a two-liquid field at 1000 °C and >97% crystallization
for a range of whole-Moon compositions. Under these conditions, a small proportion of silica-rich melt
(70.0-71.4 wt.% SiO3, 6.4-7.3 wt.% FeO, 5.4-6.1 wt.% K50, 0.2-0.3 wt.% P50s) coexists within an abundant Fe-
rich melt (42.6-44.1 wt.% SiO,, 27.6-28.8 wt.% FeO, 0.9-1.0 wt.% K50, 2.8-3.2 wt.% P50s) with sharp two-
liquid interfaces. Our experimental results also constrain the relative onset of ilmenite crystallization
compared to the development of immiscibility and indicate that an ilmenite-bearing layer formed in the lunar
interior before immiscibility was attained. Using a self-consistent physicochemical LMO model, we constrain the
thickness and depth of the ilmenite-bearing layer during LMO differentiation. The immiscible K-Si-rich and P-Fe-
rich melts together also produced an immiscible urKREEP layer ~2-6 km thick and ~30-50 km deep depending
on the trapped liquid fraction in the cumulate column (<10%) and the thickness of the buoyant anorthosite crust
(30-50 km). We provide constraints on the relationship between the compositions of immiscible urKREEP melts
and those of KREEPy rocks. By modeling the mixing of KREEP-poor basalt and the immiscible melt pairs, we
reproduce the K and P enrichments and apparent decoupling of K from P in KREEPy rocks. Our results highlight
that processes such as the assimilation of evolved heterogeneous mantle lithologies may be involved in hy-
bridization during post-LMO magmatism. The immiscible K-Si-rich lithology may also have contributed to lunar
silicic magmatism.

Lunar magma ocean

1. Introduction initially covered by the lunar magma ocean (LMO; Tonks and Melosh,
1993; Kleine et al., 2005; Elkins-Tanton, 2012; Gaffney and Borg, 2014).
Material ejected during a giant impact between proto-Earth and Cooling and crystallization of the LMO formed distinct primordial

another planetary body is thought to have formed the Moon around mantle and crustal layers (Smith et al., 1970; Wood et al., 1970; Taylor
4.5-4.3 Ga (Cameron and Ward, 1976; Canup, 2012), which was and Jakes, 1974), eventually producing residual melts strongly enriched
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in incompatible elements. These last dregs of magmas were termed
urKREEP because of their enrichment in K, rare earth elements (REESs),
P, and other incompatible elements (Warren and Wasson, 1979; the
German prefix ‘ur-’ meaning ‘primeval’). Although urKREEP has never
been identified as a pristine rock-type on the lunar surface, it is recog-
nized as a chemical component in a range of lunar lithologies, i.e. the
‘KREEP signature’. Rocks with KREEP signatures are termed ‘KREEPy’ or
‘KREEP-rich’ rocks (hereafter, we use KREEPy). KREEPy rocks include
magnesian troctolites (Mg-suite rocks), picritic glasses, impact-melt
breccias, mare basalts, lunar soils, and highland rocks (e.g., Ryder
et al.,, 1977; Warren and Wasson, 1979; Warren, 1988; Shervais and
McGee, 1998). Remote sensing and geophysical data indicate a crustal
province on the Moon’s nearside with elevated Th abundances and heat
flow, consistent with an abundance of KREEP-like materials, i.e. the
Procellarum KREEP Terrane (PKT; Jolliff et al., 2000; Korotev, 2000;
Wieczorek and Phillips, 2000; Qian et al., 2023). Areas within the PKT
also contain elevated REE abundances (Elphic et al., 2000).

The petrogenesis and composition of the most evolved melts pro-
duced during LMO crystallization have important implications for the
volatile budget of the lunar interior (McCubbin et al.,, 2011, 2015;
Pernet-Fisher et al., 2014; Robinson et al., 2016; Barnes et al., 2016;
Greenwood et al., 2017). Heat-producing elements (K, U, Th) are also
enriched in residual melts, so these processes also impacted the thermal
evolution of the Moon (Solomon and Longhi, 1977; Hess and Parment-
ier, 1995, 2001; Tosi and Padovan, 2021) and potentially the develop-
ment of the dichotomy between mare basalts and highlands on the lunar
surface (Parmentier et al., 2002; Laneuville et al., 2013). The urKREEP
reservoir and KREEP component are also important to the petrogenesis
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of lunar granites, such as those found in Apollo samples (Drake et al.,
1970; Zhang et al., 2012; Seddio et al., 2013), and most probably the
formation of silicic compositions identified remotely on the lunar sur-
face (Hagerty et al., 2006; Glotch et al., 2010, 2011; Jolliff et al., 2011).
During its late-stage evolution, the LMO became saturated in ilmenite,
which resulted in the formation of a dense, gravitationally unstable,
ilmenite-bearing cumulate layer (IBL or Fe-Ti-rich KREEP layer) that
may have led to the overturn of the lunar mantle (Kesson and Ringwood,
1976; Hess and Parmentier, 1995; Elkins-Tanton et al., 2002; Parmentier
et al., 2002; Dygert et al., 2016; Zhang et al., 2017; Li et al., 2019; Xu
et al., 2022; Yu et al., 2019; Maurice et al., 2024).

Our understanding of the evolution of the LMO has advanced greatly
thanks to crystallization modeling (Snyder et al., 1992; Elkins-Tanton
et al., 2011) and experiments on bulk lunar compositions and their de-
rivative liquids (Elardo et al., 2011; Lin et al., 2017a, 2017b; Charlier
et al., 2018; Rapp and Draper, 2018; Kraettli et al., 2022; Schmidt and
Kraettli, 2022). However, the origin of urKREEP and KREEPy rocks re-
mains debated, with the current leading hypothesis being that urKREEP
resulted from extreme fractional crystallization of the LMO (Warren and
Wasson, 1979; Snyder et al., 1992; Charlier et al., 2018; Jing et al.,
2022). During this process, the pronounced incompatibilities of K, P, and
REE:s led to their continuous enrichment in the melt, reaching extremely
high values during the latest stages of evolution; for example, for an
initial LMO containing 0.04 wt.% K30 and chondrite-normalized REE
abundances of 3, the residual melt reaches ~4 wt.% KO and REE
abundances ~400 times those in Cl chondrites at 99% solidification
(PCS; Hughes et al., 1988; Snyder et al., 1992). Interestingly, KREEPy
rocks exhibit chemical characteristics of both primitive (e.g., high Mg#
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Fig. 1. Geochemistry of KREEPy and non-KREEPy basalts. (A) Chondrite-normalized abundances of heat producing elements (K, U, Th), P, and REEs in a high-K
KREEP basalt (Warren and Wasson, 1979), representative KREEPy basalts returned by Apollo 15 (15,386) and Apollo 14 (14,276) (data source: Clive Neal's
Mare Basalt Database; https://www3.nd.edu/~cneal/Lunar-L/), and non-KREEPy rocks (Chang’E 5 ferrobasalt, CE5, Tian et al., 2021; and a lunar granite, Warren
et al., 1987). (B) CaO vs. Al,03 contents (C) P,Os content vs. Mg#, and (D) KO content vs. Mg# in lunar basalts. In (B-D), colored symbols are KREEPy basalts

selected from the Mare Basalt Database for their high concentrations of K, REEs,

P, and other incompatible elements and isotopic signatures (e.g., Rb-Sr isotopes;

Nyquist et al., 1973; Nyquist, 1977); gray symbols (Apollo 11, Apollo 12, and CE5) are non-KREEPy basalts.
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= Mg / [Mg + Fe]) and evolved magmas (e.g., their namesake enrich-
ments in K, P, REEs, and trace elements; Fig. 1). They also have lower
CaO and higher Al,O3 contents compared to non-KREEPy basalts (e.g.,
Apollo 11 and 12 rocks), reflecting their lower modal abundances of
Ca-rich pyroxene (Fig. 1). These unique characteristics are often
attributed to processes such as the remelting of the lunar interior fol-
lowed by assimilation of the urKREEP lithology during upwards melt
migration (Warren and Wasson, 1979; Snyder et al, 1992),
impact-induced mixing of shallow KREEP-rich material with deeper,
primitive lithologies (McKay et al., 1979), or crystallization from
KREEP-enriched Mg-suite parental magmas that originate from hy-
bridized mantle sources (Shearer and Papike, 2005). We note that Mg
suite parental magma would not produce a KREEP basalt. However,
these models fail to explain the decoupling of K from REE + P (REEP; see
details in the Supplementary Material) in compositions enriched in
REEP but highly depleted or enriched in K (Neal and Taylor, 1989; Jerde
et al., 1994; Jolliff, 1998; Lin et al., 2012).

Experimental studies indicate that the residual liquids produced
during the late stages of lunar differentiation exhibit ferrobasaltic
compositions marked by extreme iron enrichments after plagioclase
saturation, together with calcium, alumina, and magnesium depletions
(Lin et al., 2017a, 2017b; Charlier et al., 2018; Rapp and Draper, 2018;
Schmidt and Kraettli, 2022). Silicate liquid immiscibility—the separa-
tion of iron-rich and silica-rich melts—was proposed to develop very
late during primordial lunar differentiation (Hess et al., 1975; Longhi,
1990). If so, this immiscibility is particularly relevant to the genesis of
urKREEP because K tends to partition into the Si-rich melt, whereas REE
and P preferentially partition into the Fe-rich melt (Watson, 1976;
Schmidt et al., 2006; Veksler et al., 2006). The coexistence of
high-viscosity silica-rich melts and low-viscosity iron-rich melts could
hypothetically produce a urKREEP-like composition characterized by a
range of K and REEP concentrations. However, such immiscibility
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develops late during differentiation, typically at <1020 °C, below the
temperature range explored by experimental studies on LMO fraction-
ation thus far (Lin et al., 2017a; Rapp and Draper, 2018; Charlier et al.,
2018).

In this study, we tested whether silicate liquid immiscibility could
have developed late during LMO crystallization and, if so, whether it
could have produced urKREEP melts. We also investigated whether such
immiscible urKREEP melts might have controlled the geochemical
signature of KREEPy rocks. To do this, we experimentally investigated
the compositional evolution of very late-stage liquids produced during
crystallization of the LMO at <1020 °C. Our experiments show that
immiscibility occurs at around 1000 °C during the crystallization of a
range of bulk lunar compositions after 97 PCS. Based on our results, we
constrain the major element compositions of the K-rich and P-rich
fractions of immiscible urKREEP melts and the K and P contents of their
pre-immiscibility counterparts. Using a self-consistent physicochemical
LMO model, we map the thickness and depth of the immiscible urKREEP
layer, as well as the onset of ilmenite crystallization. We then finally
discuss the K and REEP enrichments in KREEPy lunar rocks, the relation
between the compositions of immiscible urKREEP melts and the KREEP
signature, potential processes responsible for hybridization of post-LMO
lithologies, and the contribution of late LMO immiscibility to lunar si-
licic magmatism.

2. Methodology
2.1. Experimental strategy

Our experiments aim to simulate the very late-stage evolution of the
LMO during cooling. The first stage of crystallization (1500-1020 °C, up

to ~97% crystallization) was presented in Charlier et al. (2018), and
further steps of crystallization from 1020 °C down to 980 °C are

Table 1

Normalized starting material compositions.
Sample No.” SiO, TiOy Al,O3 Cry03 FeO MnO MgO CaO NayO K>0 P,05 Sum
ON/02-3 49.32 1.55 11.08 0.09 23.01 0.35 3.20 10.70 0.31 0.12 0.27 100
ON/04-1.5 47.54 2.59 8.57 28.17 0.43 1.29 10.32 0.36 0.24 0.49 100
TWM/02-3 47.66 2.99 10.72 0.09 22.85 0.35 3.63 11.03 0.27 0.14 0.27 100
TWM/04-1.5 46.29 4.75 8.47 27.13 0.43 1.54 10.37 0.28 0.27 0.47 100
LPUM/02-3 47.58 4.27 10.78 0.09 21.39 0.22 3.80 10.94 0.51 0.14 0.27 100
LPUM/04-1.5 48.09 4.19 8.67 25.65 0.28 1.61 10.11 0.56 0.29 0.55 100

@ Residual melt compositions from Charlier et al. (2018).
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Fig. 2. Backscattered electron images of typical experimental products. (A) Experimental glass of ON composition at 1010 °C and 0.10 GPa, coexisting with
plagioclase, augite, a silica phase, and olivine. (B) Experiment of LPUM composition at 1000 °C and 0.08 GPa showing silicate liquid immiscibility, containing Fe-rich
melt cosaturated with Si-rich droplets. Abbreviations: Liq Fe, immiscible iron-rich glass; Liq Si, immiscible silica-rich glass; Ol, olivine; Pl, plagioclase; Aug, augite;

Sil, silica phase (tridymite or p-quartz); Ilm, ilmenite.
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presented herein. For our starting compositions, we used the composi-
tions of residual melts produced at 1040 °C and 1020 °C for three bulk
Moon compositions: the O’Neill (1991) bulk Moon composition (‘ON’),
the Taylor (1982) whole Moon (‘TWM’), and the lunar primitive upper
mantle (LPUM; Longhi, 2006) (Table 1). These starting compositions are
globally in the same compositional field as late-stage LMO melts pro-
duced in other experimental studies (Lin et al., 2017a; Rapp and Draper,
2018).

2.2. Starting materials and experimental techniques

Starting synthetic compositions were prepared by mixing high purity
oxides and silicates. We used SiO;, TiO3, AlpO3, Cry0O3, MnO, MgO,
CaSiO3, NaySiO3, and K3Si4Og in the appropriate proportions. Iron was
added as Fe;O3 and Fe metal sponge in stoichiometric proportions to
produce the target FeO contents. Reagents were mixed under ethanol in
an agate mortar for 5 h. The Fe sponge was then added to the mixture
and ground for an additional hour. The mixtures were conditioned at 1
atm in a DelTech vertical gas-mixing furnace for 24-48 h at the Fe-FeO
oxygen fugacity buffer at 950 °C.

Medium pressure experiments at 0.10 and 0.08 GPa and 1020-980
°C were conducted in an internally heated pressure vessel at the Leibniz
University of Hannover (Berndt et al., 2002). Pure Ar gas was used as the
pressure medium. Experiments were run using a double capsule tech-
nique with ~50 mg of starting powder sealed inside a graphite capsule
(2.5 mm inner diameter) enclosed within a Pt jacket (4 mm inner
diameter). The large volume and length of the hotspot (~2.5 cm) in
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these experiments allowed us to run up to three capsules simultaneously.
The vessel was pressurized cold to the target pressure, then heated iso-
barically. Pressure was measured with a pressure transducer (+5 MPa
accuracy). Experiments were heated by 30 °C/min up to 100 °C, then by
50 °C/min until 30 °C below the final temperature. At that point, the
temperature was held constant for 2 min before heating to the final
temperature at 20 °C/min. Temperature was controlled using two type-S
thermocouples (Pt-PtggRhjo) connected to a Eurotherm controller to
regulate the power supply to the two furnace windings. Two additional
type-S thermocouples at the bottom and top of the samples were used to
monitor the actual temperature of the sample; the temperature gradient
across the sample was generally less than 5 °C. The temperature distri-
bution across all thermocouples was recorded at 1 s increments; in most
experiments, temperature oscillated by less than 3 °C. Experiments were
quenched by fusing the Pt wire on which the capsules were attached,
dropping the capsules onto a cold copper block placed at the bottom of
the water-cooled sample holder. Quench rates are estimated to be ca.
150 °C/s (e.g., Benne and Behrens, 2003).

2.3. Analytical methods

Experimental charges were analyzed with a Cameca SX-100 electron
microprobe at the Leibniz University of Hannover. Glasses were
measured with a 15 kV and 8 nA beam with a spot size of 10 pm in most
experiments. Peak counting times were 20 s for major elements and 40 s
for minor elements, background counting times were half as peak
counting times. Minerals were measured with a focused (1 pm diameter)

16

70 7(A) ‘ (B) iégv:amemta‘ il X yuthEeharherelal. (2018)
14 ¢ X ‘?\:“V;,Fecharliereta\.(zﬂla) %tismm
,\5 % ;\; % QO ™wm LPUM LFe
L60F 5 o F s
2 2 Z 2 2
o) g S| £
Vg | < ¥
e B
s 8 sofb
(©) X 30 (D) 8 9
> x x X 25| ° 2 i
X x §
Q) 2 X = =
bl - r b=l
z g9 0 © z E
o) 3 E s x o5 £
[= x x &
2 L
10 ¢
1 L
S $
,[® s 6[(F ¢
® 4
< 3 o fal B
€21 = 0 = 5
E El = B
= s g ° = g
o g > 2
& " o 22 —F
1 L
(]
¥ * % 8 8 X X X
$ ol

980 1000 1020 1040 1060 1080
Temperature (°C)

980 1000 1020 1040 1060 1080
Temperature (°C)

Fig. 3. Selected major element concentrations in the melt as a function of experimental temperature. ¢ x ’ symbols are high temperature experiments from Charlier
et al. (2018). The gray field indicates the field of silicate liquid immiscibility. Blue, red, and green symbols indicate the melt trajectories of the ON, TWM, and LPUM

compositions, respectively.



Y. Zhang et al.

15kV and 15 nA beam, with peak counting times of 20 s and background
times as half for each element. The following standards were used for Ko
X-ray line calibration of glasses and minerals: wollastonite for Si and Ca,
TiOg for Ti, Al,O3 for Al, FeyO3 for Fe, Mn3O4 for Mn, MgO for Mg, albite
for Na, orthoclase for K, and Cr,03 for Cr. Raw data were corrected with
the CATZAF software. The complete mineral and glass dataset is re-
ported in Supplementary Dataset Table S1.

2.4. Fractional crystallization modeling

We modeled fractional crystallization as:

CZ )(fd) x XMush cgﬁqx;v{;“h} @

=1-n

C?.Liq = (1 72) X C%Liq +2

Here z is the crystallization increment (fixed at 1%), which we scaled
to account for mass conservation by recalculating the remaining mass of

the liquid at each crystallization step. c};;, is the concentration of

element i in the liquid at each crystallization step, ¢, is that in the

liquid at the previous crystallization step, ¢ is the concentration of
element i in the jth of n crystalline phases, X’ is the proportion of phase j

in the cumulus assemblage, X34 is the bulk proportion of solids in the

crystal + trapped liquid mush, and Xﬂf“ is the proportion of trapped
liquid in the crystal + liquid mush. Major element modeling during early
crystallization steps was presented in Charlier et al. (2018).
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2.5. LMO model

The temperature, pressure, density, and gravity profiles of the re-
sidual liquid in a magma ocean change during crystallization. To ac-
count for these variations, we use a spherically symmetrical model (e.g.,
Rivoldini et al., 2009; Knibbe and van Westrenen, 2015) to construct the
interior structure and corresponding profiles of the LMO, which depends
on the radial distance to the center r. Hydrostatic equilibrium in the
Moon is assumed to be:

P(r) = [ gpx)ax @

The gravity (g, m/s?), pressure (P, GPa), and density (p, kg/m>)
profiles can then be consecutively calculated from the Moon’s surface
toward its center in steps of 1 km by iteratively solving Egs. (3), (4), and
(2):

M(r) = M(R) — 4ﬂ/p(x)x2dx 3)
() = 40 @

where G is the universal gravitational constant, R the radius at the
surface, and M the mass within radius r or R.

Egs. (2-4) are dependent on mineral and melt densities. Mineral
densities were calculated using a third-order Birch-Murnaghan equation
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of state (EOS, Supplementary Material). For the melt density, we apply a
modified version of the EOS of silicate presented by Lange and Carmi-
chael (1990) and Kress and Carmichael (1991) that is self-consistent
with the interior structure of the Moon (see Supplementary Material).
The temperature profile is calculated from the adiabatic temperature
gradient with dT/dP = —44 K/GPa (Kraettli et al., 2022). The surface
temperature is calculated from the liquid thermometer in Charlier et al.
(2018), which ranged from 1470 °C to 1540 °C depending on the bulk
Moon composition considered (Supplementary Material). To solve the
LMO model, we integrate Egs. (2, 3) with the EOSs and set the following
conditions as initial boundary conditions:

P(Ro) =0 )

8(Ro) = (6)

where Ry and M(R) are the present-day average radius (1737 km) and
mass (7.342 x 10?2 kg) of the Moon. The boundary conditions of the
LMO are modified when plagioclase floats to form the crust:

Rb = Ro - d (7)
R
P(Ry) = [ glx)pudx ®)
Ry
GMg,
g(Ry) = RgR ©)

where d is crustal thickness, p;, is the density of plagioclase, Ry, is the
radius at the base of the crust, and Mg, is the residual mass of the LMO
below Ry,

Using this model, we map a bottom-up LMO differentiation sequence
by combining the experimentally determined mineral crystallization
sequence and cotectic proportions (Supplementary Materials). Because
our model allows us to account for plagioclase accumulation at the
bottom or flotation at the top of the LMO, we also calculate the theo-
retical thickness of the anorthosite crust as a function of flotation effi-
ciency. For self-consistency, we consider a shallow LMO endmember
(bottom pressure ~2.8 GPa at 600 km depth) as adopted by Charlier
et al. (2018). For comparison, however, we also upscaled the outputs of
the shallow models to a whole-Moon magma ocean (Supplementary
Material).

3. Results
3.1. Phase equilibria and immiscible textures

The silicate liquids produced in our experiments are multiply satu-
rated with plagioclase, augite, silica (tridymite or p-quartz) and ilmenite
(+ fayalitic olivine + pigeonite; Figs. 2 and S1). Olivine, augite,
plagioclase, and ilmenite are stable in all experiments, except one of
LPUM composition at 1020 °C that lacks olivine. Silica is stable in all
studied compositions, as reported in other experimental studies (Lin
et al., 2017a; Charlier et al., 2018; Rapp and Draper, 2018); indeed,
silica is present at 1080 °C and below in the experiments of Charlier et al.
(2018). Our results are also consistent with higher-temperature data
indicating the instability of olivine at 1220-1020 °C (Charlier et al.,
2018); olivine is present above and below this temperature gap, which is
due to the destabilization of low-Ca pyroxene. Ilmenite saturation pri-
marily depends on the starting composition and its TiO, content;
ilmentite appears between 1060 and 1020 °C in the experiments of
Charlier et al. (2018), and is therefore present in all present experiments.

A two-liquid field is reached for all compositions at 1000 °C and 0.8
GPa. Micrometer-sized globules of Si-rich melt develop within the Fe-
rich melt with sharp two-liquid interfaces (Fig. 2B). Si-rich melt
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droplets wet plagioclase with high wetting angles, are often entrapped in
fayalitic olivine, and form irregular melt pools. These textures are
similar to those observed in previous experiments on Fe-rich lunar ba-
salts in which immiscibility developed (e.g., Rutherford et al., 1974).

3.2. Composition of the experimental liquids

Electron microprobe analyses of experimental liquids and solid
phases are reported in Supplementary Dataset Table S1. The composi-
tions of our late-stage residual melts are plotted with those obtained at
higher temperatures up to 1080 °C by Charlier et al. (2018) against
experimental temperature in Fig. 3 and against melt MgO (Fig. 4) and
SiO; contents (Fig. S2). Late-stage residual melts show Al;03, and MgO,
depletion, and extreme iron enrichment up to 28-29 wt.% FeO. TiOq
contents increase continuously until ilmenite saturation, then decrease
markedly. Similar trends have been reported by other studies on LMO
differentiation (Lin et al., 2017a, 2017b; Rapp and Draper, 2018).

Our experiments show that the liquid line of descent reaches a
binodal surface at 1000 °C, resulting in the separation of two immiscible
melts: a Si-rich rhyolitic melt and a Fe-rich ferrobasaltic melt. All three
bulk compositions produce similar immiscible melt compositions. The
Si-rich melts (70.0-71.4 wt.% SiO,, 6.4-7.3 wt.% FeO) are enriched in
Aly03 (10.5-10.6 wt.%), Nas0 (0.7-1.0 wt.%), and K0 (5.4-6.1 wt.%)
but depleted in TiO; (0.7-0.8 wt.%) and P05 (0.2-0.3 wt.%). They also
have low CaO/Al,03 ratios (~0.28). In contrast, the Fe-rich melts
(42.6-44.1 wt.% SiO,, 27.6-28.8 wt.% FeO) are depleted in Aly,O3
(6.8-7.3 wt.%), Naz0 (0.2-0.4 wt.%) and KpO (0.9-1.0 wt.%) but
enriched in TiO, (2.9-3.1 wt.%) and P50Os (2.8-3.2 wt.%) and have
higher CaO/Al,03 ratios (~1.67). Both immiscible melts are extremely
depleted in MgO (<1 wt.%). The contrasting compositions lead to
distinct physical properties, with the Si-rich melts being less dense (on
average, p = 2441 kg/m3, calculated from the EOS; Section 2.5, Sup-
plementary Material) but more viscous (755.3 Pa s, calculated after Hui
and Zhang, 2007), than the dense (p =3040 kg/ms), low-viscosity (88.5
Pa s) Fe-rich melts. Partitioning coefficients between the Fe-rich and
Si-rich melts (Dype,/1s;) are reported in Table 3. The compositions of the
immiscible pairs observed in this study and their liquid-liquid parti-
tioning coefficients are similar to those produced experimentally during
the last stage of evolution of mare basalts (Longhi 1990; Rutherford
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Fig. 5. KO and P,Os concentrations of experimental immiscible melts
compared to those of Apollo lunar rocks. KREEPy basalts are shown in color:
Apollo 14-17 basalts (triangles), including Apollo 14 14,276 and Apollo 15
15,386 as representative KREEPy basalts. Non-KREEPy basalts: Apollo 11 and
12 basalts and Chang’E 5 (CE5) ferrobasalts. Literature immiscibility experi-
ments are from Longhi (1990), Roedder and Weiblen (1970), Rutherford et al.
(1974), Hess et al. (1975), and Gullikson et al. (2016). Solid lines connect
immiscible melt pairs.



Y. Zhang et al.

et al., 1974; Hess et al., 1975, 1978).
4. Discussion

4.1. Ilmenite crystallization and the formation of evolved high-Ti
cumulates

The crystallization of ilmenite during the late-stage evolution of the
LMO was a major event during lunar history. Ilmenite is the principal Ti-
bearing mineral responsible for the formation of dense cumulates that
might have triggered gravitational instability and overturn of the
cumulate pile (Herbert, 1980; Hess and Parmentier, 1995; Elkins-Tanton
et al., 2002; Prissel et al., 2024), in turn forming the source of high-Ti
basalts (Longhi et al., 1974; Krawczynski and Grove, 2012). It was
also suggested that an ilmenite-rich layer could be an important
component of the core (Parmentier et al., 2002; de Vries et al., 2010).
However, the degree of melt evolution at ilmenite saturation (thus the
thickness of the ilmenite-bearing layer) and the abundance of ilmenite in
the cumulate (thus the density of the ilmenite-rich layer) remain poorly
constrained.

Ilmenite was previously considered to appear very late (>95 PCS) in
the model of Snyder et al. (1992), but much earlier (87 PCS) by Elkin-
s-Tanton et al. (2011). Indeed, the stability of ilmenite is composition
and temperature dependent (Charlier et al., 2018; Zhang et al., 2023), as
evidenced by ilmenite saturation at 95-97 PCS in a variety of bulk LMO
compositions (0.17-0.31 wt.% TiO3) in those studies. Other recent ex-
periments with relatively high TiOy concentrations in the bulk lunar
composition (0.5 wt.%) saturates ilmenite at ~91 PCS (Lin et al.,
2017b), and earlier in hydrous melts (~88 PCS; Lin et al., 2017a). In our
experiments and those of Charlier et al. (2018), ilmenite saturates at
different PCS in the three investigated compositions, coexisting with
plagioclase, pigeonite, augite, and a silica phase. The high-density py-
roxene phase pigeonite may be present in ilmenite-bearing cumulates or
replaced at lower temperature (<1020 °C) by fayalitic olivine.

In our LMO model (Section 2.5), ilmenite saturation is affected by the
trapped liquid fraction within the cumulate pile. This is because the
trapped liquid fraction affects the bulk partition coefficients of incom-
patible elements like Ti (Fig. S3), even at the low fractions (<5%)
modeled for magma oceans and intrusions on Earth (Solomatov, 2007;
McKenzie, 2011). Our LMO model of a low-TiOy LPUM composition
shows that ilmenite appears at ~97 PCS in the absence of trapped liquid
and at 98 PCS for 10% trapped liquid. Assuming the radius of the
present-day Moon and 60% plagioclase flotation efficiency (the per-
centage of plagioclase that floats to form crust vs. that which accumu-
lates at the bottom of the LMO), our model indicates ilmenite saturation
at 6.6 km depth in the absence of trapped liquid and shallower ilmenite
saturation at 3.3 km depth for 10% trapped liquid. Under more efficient
plagioclase flotation (80%), these respective ilmenite saturation depths
decrease to 2.8 and 2.9 km.

When ilmenite joins the crystallization assemblage, the density of the
mantle increases from ~3150-3300 kg/m? for an ilmenite-free mantle
to ~3550-3890 kg/m® for an ilmenite-bearing mantle (ranges reported
for plagioclase floatation efficiencies of 60-100%, respetively). This
density increasing causes gravitational instability in the mantle, though
we note that fractional crystallization of silicates will also produce an
earlier gravitational instability as the Mg# evolves (e.g., Hess and Par-
mentier, 1995). Indeed, gravitationally induced mantle overturn has
been invoked to explain the KREEP enrichment in the lunar mantle
source (Zhang et al., 2022), which requires ilmenite to be associated
with the urKREEP reservoir or KREEP-rich component. However, many
models have concluded that the high levels of KREEP enrichment
observed in high-K KREEPy basalts (Warren et al., 1987) and the hy-
pothetical urKREEP component (Warren and Wasson, 1979) require
>99 PCS (e.g., Snyder et al., 1992; Jing et al., 2022), whereas our ex-
periments and models, as well as previously published experiments,
show that ilmenite crystallized earlier. We note that low degree melting
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of the mantle source may also produce melt enriched in KREEP
component. Therefore, the segregation of ilmenite alone may not
necessarily enrich mantle sources in the KREEP signature as much as the
enrichment expected in late-stage LMO residual liquids. We note that
recent LMO experiments also crystallized high-density Ti-spinel as a
major oxide phase late during differentiation (Schmidt and Kraettli,
2022), although this can be attributed to the relatively high fO, (AIW
+1.1) in their experiments, which favors the stabilization of spinel.

4.2. Onset of immiscibility in the LMO

The occurrence of immiscibility between Fe-rich and Si-rich melts in
lunar rocks was first observed in melt inclusions in Apollo samples
(Roedder and Weiblen, 1970). Subsequent experiments to constrain the
liquid lines of descent of mare basalts identified that immiscibility
occurred very late during crystallization (Rutherford et al., 1974; Hess
et al., 1975, 1978). It was then inferred that the residual products of the
LMO would also have reached liquid immiscibility after the formation of
the anorthositic crust (Longhi, 1990; Hess et al., 1975), although the
scale of melt separation was unknown (Taylor et al., 1980; Neal and
Taylor, 1989).

In our experiments, we demonstrated that immiscibility develops
late during LMO differentiation, under conditions similar to those
observed in experiments on lunar mare basalts, namely <1050 °C
(Longhi 1990; Rutherford et al., 1974; Hess et al., 1975, 1978). The
Si-rich and Fe-rich melts produced herein are compositionally similar to
immiscible melts obtained in those experiments (Fig. 5), particularly the
preferential partitioning of K into Si-rich melt (Dype/1si = 0.17 £ 0.01)
and P into the Fe-rich melt (Drp,/1s; = 12.87 + 2.84; Table 3).

Thermodynamically, immiscibility arises when the total Gibbs free
energy of the immiscible phases is lower than that of a single liquid
phase at given pressure and temperature conditions (Ghiorso and Car-
michael, 1980). However, the thermodynamic complexity of
multi-component silicate liquids precludes accurate prediction of the
onset of immiscibility in lunar residual melts. Nonetheless, Zhang et al.
(2023) used the composition of published experimental unmixed pairs
(lunar and other compositions) to define an empirical solvus. Accord-
ingly, any liquid line of descent undergoes unmixing if it intersects or
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Fig. 6. Testing the immiscibility prediction of Zhang et al. (2023) for immis-
cibility experiments in this study. The r2, value for our new experimental
dataset is 0.99. Lunar literature data are lunar immiscibility experiments from
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and Grove (2012), Hou et al. (2017, 2018), Honour et al. (2019) and Zhang
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plots below the solvus (see Fig. 6):

46 x 104 x ((~14736.5 - ¢)° ~ 12323.9 x (¢?) )
2155

RTInXsi0, = 10$)
where Xs;o, is the mole percentage of SiO» in the liquid and ¢ is the sum
of the mole percentages of oxides dominantly partitioning into the Fe-
rich melt, i.e. Xtio, + Xpeo + XMgO + Xcao + Xp,05. In this model, the
left side of the equation reflects the compositional evolution of liquid
lines of descent and the right side represents the compositional depen-
dence of the solvus. We tested the validity of this expression with our
experimental results presented herein and obtained a coefficient of
determination on the test dataset (r2,) of 0.99, with a root mean square
error (RMSE) of 146, which is 78% smaller than the standard error
estimation of the original fit. This validates the application of the pre-
dictive immiscibility model to our LMO differentiation path (Fig. 6).
Fig. 7 shows the results of our LMO model incorporating the influ-
ence of plagioclase flotation efficiency on the anorthositic crustal
thickness and the influence of the trapped liquid fraction on the evolu-
tion of the liquid lines of descent. Previous studies showed that plagio-
clase flotation efficiency of 60-80% might reproduce the lunar crustal
thickness (average 49 + 16 km;) measured by the Gravity Recovery and
Interior Laboratory mission (Wieczorek et al., 2013; Charlier et al.,
2018); reduced plagioclase flotation efficiency would produce a thinner
crust from an entire magma ocean. An increased fraction of trapped
liquid slows fractionation (Fig. $3). Importantly, immiscibility could not
develop if the trapped liquid fraction much exceeded 10% because the
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liquid line of descent would not intersect the solvus. In our results,
immiscibility occurs at 97-98 PCS (Fig. 7). The depth at which immis-
cibility develops during LMO differentiation correlates with the degree
of plagioclase flotation (i.e. the thickness of anorthositic crust), ranging
from ~40 km depth for 60% plagioclase flotation to ~50 km for 80%
plagioclase flotation (Fig. 7). The trapped liquid fraction also impacts
the depth range over which immiscibility could develop, which ranges
from 6.7 to 3.1 km thick for 0 to 10% trapped liquid, respectively, at
60% plagioclase flotation, and from 2.9 to 2.7 km thick for 0 to 10%
trapped liquid, respectively, at 80% plagioclase flotation. Based on the
average relative proportions of immiscible melts observed in our ex-
periments (Fe-rich melt/Si-rich melt ratio of ~10; Table 2), if the two
melts with distinct densities and viscosities could fully segregate, the
Si-rich and Fe-rich layers would be ~0.4 and ~4.3 km thick, respec-
tively, at 60% plagioclase flotation or 0.3 and 2.5 km thick, respectively,
at 80% plagioclase flotation.

4.3. Immiscible urKREEP, the origin of the KREEP component, and
implications for lunar silicic magmatism

The KREEP component has significantly influenced the evolution of
lunar rocks by facilitating the remelting of the mantle lithologies. This
was mainly caused by melting-point depression as a result of hybridi-
zation with evolved lithologies and by the preservation of heat pro-
ducing elements in the KREEP component (Dowty et al., 1976; Elardo
et al.,, 2020). The presence of the KREEP component in primitive li-
thologies also provides valuable information about the lunar interior
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Table 2

Experimental conditions and phase assemblages and proportions.
Start. Comp." Run no. P (GPa) T (°C) Duration (h) Capsule Phases >r? LFe /LSi¢
ON/02-3" HA11-1 0.1 1020 148 C+Ppt gl (3), ol (1), aug (55), plag (31), sil (7), ilm (2) 028 -
ON/04-1.5 HA10-1 0.10 1010 148 C+Pt gl (29), ol (15), aug (24), plag (20), sil (9), ilm (2) 0.23 -
ON/04-1.5 HA03-0.8 0.08 1000 138 C+ Pt Si-gl (11), Fe-gl (1), ol (20), aug (30), plag (24), sil (11), ilm (3) 0.46 10.4
ON/04-1.5 HA12-1" 0.10 980 140 C+Pt Si-gl, Fe-gl, ol, aug, plag, sil, ilm
TWM/02-3" HA11-1 0.1 1020 148 C+Pt gl (0), ol (3), aug (55), plag (32), sil (6), ilm (5) 0.46 -
TWM/04-1.5 HA10-1 0.10 1010 148 C+ Pt gl (20), ol (12), aug (31), plag (21), sil (9), ilm (7) 0.33 -
TWM/04-1.5 HA03-0.8 0.08 1000 138 C+Pt Si-gl (9), Fe-gl (2), ol (15), aug (32), plag (24), sil (10), ilm (8) 0.63 6.9
TWM/04-1.5 HA12-1" 0.10 980 140 C+Pt Si-gl, Fe-gl, ol, aug, plag, sil, ilm
LPUM/02-3" HA11-1 0.1 1020 148 C+ Pt gl (0), aug (53), plag (34), sil (6), ilm (7) 0.56 -
LPUM/04-1.5 HA10-1 0.10 1010 148 C+Pt gl (25), ol (10), aug 27), plag (22), sil (9), ilm (6) 0.28 -
LPUM/04-1.5 HA03-0.8 0.08 1000 138 C+Pt Si-gl (11), Fe-gl (2), ol (13), aug (33), plag (25), sil (10), ilm (6) 0.62 12.6
LPUM/04-1.5 HA12-1" 0.10 980 140 C+ Pt Si-gl, Fe-gl, ol, aug, plag, sil, ilm

@ Starting materials are from Charlier et al. (2018).

b Near-solidus experiments; phases were not analyzed, only BSE images were acquired.
¢ Phase proportions estimated from the compositional matrix by using a non-negative least squares regression algorithm (Zhang et al., 2023).
4 The ratio of immiscible melt pairs estimated by mass balance of the K;0 and P,Os contents of the immiscible pairs with those of the bulk compositions.

Table 3
Immiscible melt compositions.
Start. Comp. P (GPa) T (°C) Run No. SiO, TiO, Al,O3 FeO MnO MgO CaO Na,O K>O P,05 Total
ON/04-1.5 0.08 1000 HA03-0.8 LFe" 42.95 3.06 6.78 28.57 0.45 0.18 11.42 0.33 0.98 3.14 97.87
LSi 71.35 0.74 10.52 6.68 0.11 0.03 2.92 0.75 5.92 0.22 99.24
Diresisi” 0.60 4.14 0.64 4.28 4.09 6.00 3.91 0.44 0.17 14.27
TWM/04-1.5 0.08 1000 HA03-0.8 LFe 42.66 3.12 6.80 28.83 0.60 0.38 11.40 0.25 1.00 3.24 98.29
LSi 71.28 0.75 10.50 6.41 0.11 0.04 2.85 0.65 6.07 0.21 98.86
Drre/Lsi 0.60 4.16 0.65 4.50 5.45 9.50 4.00 0.38 0.16 15.43
LPUM/04-1.5 0.08 1000 HA03-0.8 LFe 44.10 2.92 7.32 27.62 0.30 0.29 11.10 0.43 1.04 2.76 97.88
LSi 70.03 0.79 10.61 7.29 0.06 0.03 3.15 1.01 5.41 0.31 98.65
DrresLsi 0.63 3.70 0.69 3.79 5.00 9.67 3.52 0.43 0.19 8.90

@ LFe and LSi are the Fe-rich and Si-rich melts, respectively.
Y D, re1si are partition coefficients between the Fe-rich and Si-rich melts.

and its early evolution, and supports the formation of highly evolved
lithologies in the LMO model (Warren and Wasson, 1979; Warren,
1985). Furthermore, many Apollo samples contain a KREEP component.
However, the origin of lunar materials with a significant KREEP
component remains highly debated, with two main hypotheses being
argued: (1) an impact mixed the urKREEP or KREEP component with
more primitive lithologies (Ryder and Bower, 1976; McKay et al., 1978);
or (2) primitive melts or mantle sources assimilated urKREEP, followed
by fractionation or partial melting of a KREEP-rich interior (Dowty et al.,
1976; Irving, 1977; Ryder, 1987), possibly induced by a cumulate
overturn event (Ringwood and Kesson, 1976). KREEPy rocks formed via
the impact process have been identified in Apollo 14 samples from Fra
Mauro and Apollo 16 samples from the Descartes highlands (McKay
et al., 1978). In contrast, porphyritic textural evidence in Apollo 15 and
Apollo 17 rocks was interpreted as having formed by partial melting of a
KREEP-rich interior (Ryder, 1988), although recent studies suggest that
the identified phenocrysts may have originated from an unrelated
magma (e.g., Cronberger and Neal, 2017).

Both hypotheses require a post-LMO hybridization event involving
very late-stage urKREEP melts (Warren and Wasson, 1979; Snyder et al.,
1992). In our experiments and models, we show that immiscibility de-
velops at the very late stage of LMO differentiation (Figs. 7 and S4).
Therefore, the liquid may have split into a K-Si-rich fraction and a
REEP-Fe rich fraction. Given the density and viscosity contrasts between
the two fractions, it can be expected that these immiscible pairs might
have become segregated and unevenly distributed. Therefore, the
contamination of KREEP-poor primitive melts by these immiscible
endmembers might produce the K + REEP-enriched signature observed
in KREEPy rocks (Figs. 1 and 5). Such contamination could have
occurred through various magmatic processes including assimilation
during magma ascent or the direct incorporation of the urKREEP or
KREEP component in the mantle source. In addition, Dowty et al. (1976)

proposed that urKREEP might remain molten or be easily remelted due
to its high concentration of heat-producing elements. The intense
meteorite bombardment that formed the Imbrium basin might therefore
have exposed the urKREEP melts, forming the large PKT (e.g., Jolliff
et al., 2000). It is thus plausible that melts derived from the partial
melting of REEP-Fe-rich and K-Si-rich lithologies became enriched in K
+ REEP, eventually contributing to the KREEP component.

To conclude our discussion, we use assimilation as a simple example
to demonstrate how immiscible urKREEP melt can result in KREEP
enrichment in lunar rocks and estimate the likely proportion of immis-
cible urKREEP. We stress that assimilation is not the only mechanism
that can contribute to KREEP enrichment. For instance, the melting of a
hybridized cumulate with a small KREEP enrichment can reproduce the
high KREEP signature in Mg-suite troctolites (Hess, 2000). Our aim here
is to convincingly demonstrate that the incorporation of immiscible
urKREEP melt can, to some extent, explain the KREEP signature in lunar
rocks. More work would of course be necessary to detail the actual
contribution of immiscible urKREEP melt to natural lunar rocks.

For this demonstration, we present a mixing model to quantify the
likely fractions of immiscible urKREEP in lunar rocks, considering two
assimilation scenarios: (1) the direct assimilation of immiscible urK-
REEP melts and (2) the assimilation of melts produced by the partial
melting of the crystallization products (cumulates) of the immiscible K-
Si-rich and REEP-Fe rich lithologies. We use mass balance to calculate
the mixing of the KREEP-free component, the K-Si-rich component, and
the REEP-Fe component. Compared to KREEP-free rocks, KREEPy rocks
typically exhibit major element enrichments of K and P and have lower
Ca/Al ratios (Fig. 1). KREEPy rocks also have variable Mg# and FeO and
SiOy contents. These characteristics imply that prior to KREEP assimi-
lation, the primitive magma likely experienced varying degrees of dif-
ferentiation or derived from a range of mantle sources, leading to
broadly variable MgO, FeO, and SiO; contents. The K and P
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Fig. 8. Modelled K»0O and P,0s compositions in a KREEP-free melt mixed with immiscible urKREEP Fe-rich (LFe) and Si-rich melts (LSi). The KREEP-free melt is
based on median values of non-KREEPy Apollo 11 and Apollo 12 basalts (see Section 4.3). Stars show mass balance estimates of the proportions of immiscible
urKREEP melts assimilated to form the KREEP components in the Apollo 15 and Apollo 17 rocks.

concentrations in an evolved magma are significantly low (<1 wt.%)
before undergoing processes like silicate liquid immiscibility or extreme
fractional crystallization (24 wt.%). Hence, we can leverage K, P, and
Ca/Al to estimate the likely maximum proportions of assimilated
immiscible urKREEP, i.e. its K-Si-rich and P-Fe rich fractions. We did not
include REEs in our mixing model, but because they are expected to
partition into the Fe-rich melts, we used P as a proxy for REEs. As an
estimate of KREEP-free K and P concentrations and CaO/Al,0O3, we take
the compositions of Apollo 11 and Apollo 12 basalts (median values of
0.07 wt.% K50, 0.08 wt.% P,0s, and CaO/Al,03 = 1.09) as represen-
tative of non-KREEPy rocks. The composition of immiscible urKREEP is
calculated by averaging the immiscible melt compositions from our
experiments. Regarding the partial melting of the Si-rich and Fe-rich
lithologies in scenario (2), we assume K and P to be fully incompatible
during the melting of both lithologies; therefore, K and P concentrations
can be used as an approximation of the degree of melting of both li-
thologies, and thus of as their contribution to the formation of the
KREEP component.

We focus our calculations on Apollo 15 and Apollo 17 rocks because
they are the most likely to have originated from the melting of a KREEP-
bearing mantle source (Neal et al., 2015; Cronberger and Neal, 2019).
Fig. 8 shows the result for K5O and P2Os in scenario (1). The calculations
show that the formation of the KREEP component in Apollo 15 basalts
requires the assimilation of 8-52% Fe-rich melt and 3-28% Si-rich melt.
Similarly, the formation of the KREEP component in Apollo 17 basalts
requires 10-31% Fe-rich melt and 4-11% Si-rich melt. We show that it is
thermodynamically possible to assimilate this much cold liquid in the

Supplementary Material. The noticeably higher proportion of Fe-rich
melt assimilation is attributed to the dominance of Fe-rich melts dur-
ing LMO differentiation, consistent with our experimental observations
that relatively low proportions of Si-rich droplets coexist within more
abundant Fe-rich melts (Table 2). Additionally, the higher viscosity of
Si-rich melts may also hinder their pooling to form larger, assimilable
volumes. Fig. 9 shows the results of the degree of partial melting of the
Fe-rich and Si-rich lithologies required in scenario (2). As in scenario
(1), forming the KREEP component in Apollo 15 and Apollo 17 basalts
requires a higher degree of partial melting of the Fe-rich lithology
(median = 60%) and less melting of the Si-rich lithology (median =
40%).

Additionally, lunar samples contain evolved rocks such as granites
and felsites (Warren et al., 1983, 1987; Jolliff, 1991), and granite plu-
tons have been identified on the lunar surface, such as the Gruithuisen
Domes (Chevrel et al., 1999) and the Compton-Belkovich Thorium
Anomaly (Jolliff et al., 2011). Silicate liquid immiscibility is often
considered to play a crucial role in the formation of evolved lunar rocks
(e.g., Jin et al., 2024) because lunar granites have significantly high
K/REE and K/P ratios (e.g., Warren et al., 1983), which can be explained
by the segregation of a Si-rich immiscible melt. However,
Apollo-returned granites have high U/REE and Th/REE ratios (Warren
et al., 1983, 1987), which seem to contradict the expected composition
of a segregated Si-rich immiscible melt because U and Th should pref-
erentially partition into the Fe-rich melt (Veksler et al., 2006). None-
theless, this cannot preclude the contribution of immiscibility because
the trace elemental ratios in the immiscible melts depend on the ratios in

—— Apollo 15
—— Apollo 17
3t 3t
> >
— =
w2t w2t
c C
() ()
(] o
1r 1r
0 0 L L L

0.2 0.4 0.6 0.8
Melting degree of LFe lithology

0.2 0.4 0.6 0.8
Melting degree of LSi lithology

Fig. 9. Estimated degrees of melting of the Fe-rich (LFe) and Si-rich lithologies (LSi) required to form the KREEP components in the Apollo 15 and Apollo 17 rocks.
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their parental melt. Some researchers have proposed crustal remelting to
explain the compositions of the granites (e.g., Gullikson et al. 2016),
which could also account for large-scale silicic magmatism. However,
our experiments and models demonstrate that during the late stages of
LMO differentiation, silicate liquid immiscibility could have developed,
and produced K-Si-rich melts capable of forming K-Si-rich but REE-poor
lithologies. Furthermore, the partial melting of such lithologies or the
extraction of Si-rich melts will tend to produce melts with high K/REE
and K/P ratios. Therefore, we speculate that the Si-rich immiscible melt
that formed late during LMO differentiation may have contributed to the
formation of lunar granites. Further work is needed to better understand
the contribution of this LMO-derived Si-rich lithology to evolved lunar
rocks.

5. Conclusions

We experimentally investigate the very late stage differentiation of
the LMO, aiming to test the hypothesis that urKREEP could be produced
by silicate liquid immiscibility. Using three silicate melt compositions
representative of the LMO, we produced immiscibile K-Si-rich and P-Fe-
rich melts in all compositions at 1000 °C and <97% crystallization. We
also used a LMO model to investigate the conditions and depths of the
onsets of ilmenite crystallization and immiscibility. The development of
immiscibility can form immiscible urKREEP melts earlier than in the
case of extreme fractional crystallization. We also discussed the possi-
bility of forming KREEPy rocks by the contamination of primitive melts
with immiscible urKREEP melts, considering processes such as both the
direct assimilation of immiscible melts and assimilation of melts derived
from the partial melting of Fe-rich and Si-rich lithologies. We demon-
strate the potential role of silicate liquid immiscibility in hybridization.
Finally, the K-Si-rich immiscible lithology may have contributed to lunar
silicic magmatism.
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