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Abstract High‐pressure and high‐temperature experiments were conducted to simulate melting of a hybrid
cumulate lunar mantle. The experimental results show that intermediate to high‐Ti lunar pyroclastic glasses (>6
wt% TiO2) can be produced by partial melting of lunar cumulates. High‐Ti basalts are generated when the
ilmenite/clinopyroxene ratios in the lunar mantle cumulates are between 1/1 and 4/1, depending on the degree of
melting. The presence of an urKREEP component in the mantle cumulate strongly influences Al2O3/CaO of the
melts. The experiments provide strong evidence for the model that the compositional diversity of lunar basalts is
a consequence of a gravitational overturn of the lunar interior after the lunar magma ocean had solidified.
Ilmenite/clinopyroxene in the cumulate mantle, which generates high‐Ti melts at partial melting, do not
comprise the ratios in ilmenite‐bearing cumulates (IBC), which crystallized after ∼90% solidification of the
lunar magma ocean and indicate local accumulation of ilmenite in the overturned lunar mantle. However, to
fully match the natural composition of the most primitive lunar samples, secondary processes such as
assimilation are still required.

Plain Language Summary The basalt samples, which were returned from the Earth's Moon by
astronauts during sample return missions, are chemically different from terrestrial basalts. Whilst terrestrial
basalts usually contain less than 1 wt% of TiO2, the lunar rocks can contain more than >6 wt% of TiO2. The
origin of these extraordinarily high TiO2 contents has long been debated, and hence we conducted experiments
at high pressures and temperatures to simulate melting of a heterogeneous lunar mantle. Our experimental
results imply that the lunar high‐Ti basalts can be produced by melting of a heterogeneous lunar mantle that
contains high amounts of Ti‐rich minerals, such as ilmenite or similar Fe and Ti‐rich oxides, and silicate
minerals, such as olivine, orthopyroxene, and clinopyroxenes. Our results support the hypothesis that the
stratification of the lunar mantle after it had solidified was not preserved, suggesting a high dgree of
heterogeneity within the mantle. Besides Ti, other major elements of our melts do not completely match the
natural samples. This can be accounted for by interaction with the host rocks during the ascent of the magmas.

1. Introduction
The compositional variety of lunar mare basalts and pyroclastic glasses sampled during the Apollo and Luna
missions (Neal & Taylor, 1992; Shearer et al., 2006), and the recent Chinese Chang’E‐5 sample return mission
(Fu et al., 2022) indicates a complex and heterogeneous nature of the lunar mantle. The diversity of lunar basalts
and volcanic glasses is reflected in the range of TiO2 contents, which has been used to classify mare basalts into
very low Ti (VLT) basalts (<1 wt% TiO2), low‐Ti basalts (1–6 wt% TiO2), intermediate basalts (5–9 wt% TiO2),
and high‐Ti basalts (9–14 wt% TiO2) (Papike & Vaniman, 1978). The variable Ti content corresponds to color in
the pyroclastic glasses, ranging from green (VLT) over yellow toward orange (high‐Ti) and red/black (>12 wt%
TiO2, Delano, 1986).

The chemical diversity of lunar mare basalts cannot be explained by simple peridotite melting and/or mineral
fractionation processes (Longhi, 1992; Ringwood & Essene, 1970). Consequently, two more complex models
have been proposed to explain the origin of the high‐Ti basalts:

(I) High‐Ti contents of lunar basalts are the result of shallow assimilation of high‐Ti oxides by low‐Ti mantle
melts, the latter of which are formed by melting of harzburgite deep in the lunar interior (Barr & Grove, 2013;
Finnila et al., 1994; Hubbard & Minear, 1975; Wagner & Grove, 1997).

(II) High‐Ti lunar magmas are partial melts derived from a heterogeneous lunar interior, originating from a
mixed harzburgite and ilmenite‐pyroxenitic source, after the original stratification of the solidified lunar
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magma ocean (LMO) had gravitationally collapsed (Kommescher et al., 2020; Ringwood & Kesson, 1976;
Shearer & Papike, 1999; Singletary & Grove, 2008; Snyder et al., 1992).

Both models acknowledge that the lunar interior is the consequence of an LMO, which crystallized into layers
upon its solidification. Olivine and orthopyroxene crystallized first (until ∼60–70% LMO solidification), fol-
lowed by plagioclase (Charlier et al., 2018; Elkins‐Tanton et al., 2011; Rapp & Draper, 2018; Schmidt &
Kraettli, 2022). Plagioclase buoyantly segregated and floated upward to form the primary lunar anorthosite crust
(Papike et al., 1997; Solomon & Nafi Toksöz, 1973; Warren, 1985). The remaining melt crystallized low‐ and
high‐Ca pyroxene, and finally dense Fe‐Ti oxides on top of the less dense harzburgite (3,700 kg/m³ and 3,400 kg/
m³, respectively; Hess & Parmentier, 1995). This late stage Fe‐Ti enriched layer is often abbreviated as IBC,
which is short for “Ilmenite‐bearing‐cumulate” in lunar petrology (Hess & Parmentier, 1995). On top of it the last
drags of melt crystallized, which contain high concentrations of very incompatible elements and are therefore
referred to as urKREEP (highlighting high concentrations in potassium (K), the rare earth elements (REE) and
phosphorous (P)). Geodynamic models indicate that the density contrast between the IBC and the harzburgite
mantle (Hess & Parmentier, 1995; Ringwood & Kesson, 1976; Spera, 1992) caused a large‐scale LMO overturn,
which induced chemical heterogeneities into the lunar mantle. Furthermore, recent geodynamic studies have
proposed that the lateral distribution of IBC in the Moon is heterogeneous (Khan et al., 2014; Xu et al., 2022).
Additionally, KREEP‐rich material could have been dragged along down into the lunar mantle during overturn,
which may have redistributed heat‐producing elements in the lunar interior (Khan et al., 2014; Shearer
et al., 1991). The chemically and mineralogically heterogeneous lunar mantle that results from the overturn is
often referred to as “hybridized” lunar mantle (Elkins et al., 2000; Ringwood et al., 1972; Snyder et al., 1992;
Spera, 1992). The precise chemical and mineralogical composition of this mantle, along with the composition of
ilmenite‐bearing cumulate layers, remains poorly constrained.

Dissolution experiments of ilmenite and diopside by high‐ and low‐Ti picritic lunar magmas, testing model I,
successfully produced high‐Ti melts, suggesting an ilmenite/high‐Ca pyroxene (ilm/cpx) in the IBC cumulate of
2/1 (Van Orman & Grove, 2000; Wagner & Grove, 1997). Magma ocean crystallization models, however, result
in an ilm/cpx of 1/3–1/6 (Charlier et al., 2018; Rapp & Draper, 2018; Schmidt & Kraettli, 2022; Snyder
et al., 1992). This observation deems the assimilation of unaltered IBC by low‐Ti basaltic melts unlikely. Model
II, melting of a heterogeneous hybridized lunar mantle, was simulated by several experimental studies, but
experimental melt compositions do not cover the entire range (5–16.4 wt% TiO2) of the intermediate to high‐Ti
basalts (Mallik et al., 2019; Singletary & Grove, 2008; Thacker et al., 2009). Several studies investigated melting
of a pure IBC layer (Mallik et al., 2019; Van Orman & Grove, 2000), resulting in either too low contents of TiO2
(∼10 wt%) or adequately high contents of TiO2 but too high CaO/Al2O3. In fact, pure IBC melting will always
produce melts with CaO contents higher than those of picritic basalt samples (Mallik et al., 2019). On the other
hand, mixing of harzburgite with only Fe‐Ti oxides, such as ilmenite and armalcolite, results in melts with too
high TiO2 (>20 wt%) and MgO >18 wt% (Thacker et al., 2009). Hence, a cumulate with the potential to produce
picritic basalt compositions by simple melting must contain a harzburgite component, as well as ilmenite and
significant proportions of clinopyroxene. Only a few attempts addressed the potential of a hybrid lunar mantle
containing variable amounts of an olivine + orthopyroxene mantle and a high‐Ti component (i.e., IBC with
ilmenite + clinopyroxene) ± KREEP to create high‐Ti picritic basalt compositions by simple melting (Brown &
Grove, 2015; Singletary & Grove, 2008). Those studies revealed that it is indeed plausible to generate yellow and
orange picritic glasses ranging between 7 and 10 wt% of TiO2.

These studies showed that the composition of the IBC layer largely controls the composition of partial melts
(Singletary & Grove, 2008). As pointed out earlier, depending on the exact model constrains, the ratio of ilm/cpx
in the last crystallizing fraction of the LMO diverges significantly (1/6 up to 2/1). Furthermore, it is assumed that
layering during cumulate formation might not preserve the modal proportions of the crystallizing phases (Brown
& Grove, 2015; McCallum et al., 1980). This could result in a local accumulation of ilmenite due to the fact that
ilmenite is denser than pyroxene. Hence, we assume small scale heterogeneities inside the IBC layer, where modal
proportions (∼1/6 after fractional crystallization of the LMO, Charlier et al., 2018) are not preserved. This was
also suggested by Singletary and Grove (2008), who hypothesized that a modally variable residue could create
observed variations in the lunar ultramafic glasses. Considering the mantle heterogeneities arising from the
overturn in the later stages of the LMO, our objective is to experimentally validate hypothesis II and further
explore the effects of modally variable cumulate compositions. This involves a systematic investigation of the
range of melts that can be produced through partial melting of a highly heterogeneous, hybridized lunar mantle
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(Ringwood & Kesson, 1976). Our emphasis is on replicating high‐Ti compositions and expanding the possible
melt compositions resulting from melting a hybrid lunar mantle. This will allow the investigation of the source
composition of the most primitive lunar mantle melts (Delano, 1986).

To constrain the influence of mineralogy and chemical composition of cumulates on partial melt compositions, we
prepared a range of cumulate compositions with and without a fixed KREEP component, as introduced byWarren
and Wasson (1979). We ran conventional high‐temperature high‐pressure experiments at temperatures between
1,250 and 1,500°C. Most experiments were conducted at 1.5 GPa, which corresponds to the lower limit of the
source depth of most primitive lunar basalts between 250 and 500 km (Delano, 1980; Elkins‐Tanton et al., 2003,
2004, 2011; Green et al., 1975; Guenther et al., 2022; van Kan Parker et al., 2011) and to the depth of the lunar
mantle, where high‐Ti lunar melt are supposed to be positively buoyant (Elkins‐Tanton et al., 2002; Singletary &
Grove, 2008).

2. Materials and Methods
2.1. Starting Material Compositions

The starting material compositions CMV, CMVI, and CMVI_II were designed using fixed lunar cumulate com-
positions, similar to the work done by Singletary and Grove (2008). The main cumulate component in CMV,
CMVI, andCMVI_II is a harzburgite lunarmantle cumulate (Hess&Parmentier, 1995; Singletary&Grove, 2008),
which resemblesHess and Parmentier (1995)'s constrained earlymantle cumulate (harzburgitewith 1:1 olivine (ol)
and orthopyroxene (opx), Table 1). A minor fixed component in CMV, CMVI, and CMVI_II comprises an
urKREEP‐cumulate with a major element composition following Warren and Wasson (1979), comprising
plagioclase (52 wt%), orthopyroxene (30 wt%), and minor amounts of olivine (10 wt%), clinopyroxene (cpx: 7
wt%), and ilmenite (∼1wt%). The fixed KREEP layer composition was used only to mix CMV,VI, and VI_II. The
third component in these starting materials is a late stage cumulate (IBC) comprising ilmenite, clinopyroxene, and
small amounts of plagioclase. The ilm/cpx ratios in CMV, CMVI, and CMVI_II were altered by mixing variable
amounts of clinopyroxene, ilmenite, and plagioclase. The mineral compositions were obtained from the last
crystallization step of the LPUMbulk silicateMoon composition (Longhi, 2006) at 1,040°C (Charlier et al., 2018).
To investigate the consequences of nonmodal ilm/cpx in the IBC, we chose relatively high proportions in the
starting mix CMV (4/1), similar to what has been proposed based on assimilation experiments (Wagner &
Grove, 1997). In starting material CMVI and VI_II, we added plagioclase and reduced ilm/cpx to 1/7 in order to
investigate the lower extreme.

Experiments on starting materials CMV, CMVI, and CMVI_II have elevated TiO2 but do not match Al2O3/CaO
with elevated Al2O3 compared to picritic melt compositions. We attribute this to the urKREEP component, which
is plagioclase‐rich. Additional starting materials (CMX, X_II, XI, and XV) have a modified mineralogy of the
IBC component as well as a different harzburgite mantle composition.

Olivine and orthopyroxene major element compositions from CMV (ID GPC_769) were taken to mix the
harzburgite component in CMX, X_II, XI, and XV. In CMX and X_II, the harzburgite component comprises ol/
opx of 11/9, whereas in CMXI and XV, ol/opx is 3/2 (Table 1). A late‐stage Fe‐Ti‐rich component was created by
combining ilmenite, clinopyroxene (augite), and plagioclase as had been done for CMV, VI, and V_II. The
proportions of harzburgite mantle in urKREEP‐free mixes (CMX, X_II, XI, and XV) are elevated (0.8–0.85
opposed to 0.5–0.6, Figure 1). FeO and TiO2 in CMX, X_II, XI, and XV are more variable. CaO and Al2O3
contents of the starting compositions CMX, X_II, XI, and XV are reduced due to the missing urKREEP
component in the mixture.

We further exclude the urKREEP component for two reasons: First, its major element composition is poorly
constrained (Singletary & Grove, 2008). Second, urKREEP is often considered a trace element signature, rather
than a major cumulate composition, and it is unclear if urKREEP was directly involved in remelting during the
IBC overturn (Laneuville et al., 2013).

2.2. Synthesis of Starting Materials

Startingmaterialswere synthesized bymixing high‐purity oxides and carbonates (SiO2,Al2O3, TiO2,MgO,Cr2O3,
CaCO3, MnCO3, K2CO3, Na2CO3). MgO was pre‐heated at 1,000°C to remove hydroxide or carbonate. The
powders were homogenized under ethanol in an agate mortar, subsequently dried and decarbonated at 1,000°C for
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at least 10 hr, followed by additional grinding and homogenization in amortar.
Iron was added to the decarbonated mixture as hematite (Fe2O3). The Fe‐
bearing, homogeneous mixtures were vitrified at 1,400°C for 30 min,
crushed and ground to a powder and stored dry in a desiccator.

2.3. Experimental Methods

High‐pressure experiments were conducted in an end‐loaded piston‐cylinder
apparatus (Boyd & England, 1960). Starting material mixtures were loaded
into lidded graphite containers, which were inserted into a Pt outer capsule
(Figure 2a) and welded shut after having spent a minimum of 24 hr in a drying
furnace at 110°C. The capsules were placed into ½ inch piston‐cylinder as-
semblies consisting of two inner cylinders made of 6 mm O.D. crushable
alumina (TKF Frömgen GmbH). The inner parts of the assembly are sur-
rounded by a graphite furnace, an outer Duran glass cylinder (Schott GmbH)
and a talk sleeve. Calibration of the assembly has been performed using
the quartz‐coesite transition (Bose & Ganguly, 1995) and the
MgCr2O4 + SiO2 = MgSiO3 + Cr2O3 reaction (Klemme & O’Neill, 1997),
which results in a friction correction of − 13%. Based on our pressure cali-
bration, quoted pressures are accuratewithin 0.07GPa.Weused a hot piston‐in
technique. Run temperatures during the experiment were monitored and
controlled using a W‐Re‐thermocouple (Type D) in conjunction with a
Eurotherm controller (Schneider Electric, Germany). Experiments were
quenched by shutting off the electric power. The quench rates are faster than
120 K/s for the first ∼300°C. All experimental run conditions, together with a
list of all phases present after the run, can be found in Table 2. Most experi-
ments were conducted at either 1,300°C (n = 5) or 1,400°C (n = 7).

2.4. Electron Microprobe Analyses of Minerals and Quenched Melts

The run products (Figure 2) were analyzed using a JEOL JXA 8530 F
Hyperprobe at the Institut für Mineralogie at the Universität Münster (Ger-
many) in wavelength‐dispersive mode (WDS) (details are given in Haupt,
Renggli, Rohrbach, Berndt, & Klemme, 2024). EPMA measurements of the
quenched silicatemelts were performed using an acceleration voltage of 15 kV
and a beam current of 10 nA. The beam current for silicate and oxide minerals
was set to 15 nA. Silicate and oxide minerals were analyzed with a beam
diameter of 1–5 μm and quenched melts were analyzed with a defocused beam
(diameter between 10 and 20 μm). The matrix corrections were made ac-
cording to the φ(ρz) procedure (Armstrong, 1991). Even though the runs were
quenched fast, some quench crystallization of olivine was inevitable in runs
with MgO and TiO2‐rich melts (Figure 2c). Therefore, glasses in these runs

were analyzed randomly (n = 10–50; Haupt, Renggli, Rohrbach, Berndt, & Klemme, 2024) to get more repre-
sentative data with better statistics. Nevertheless, it is obvious from the error bars of MgO in Figure 4 that the
uncertainties of the MgO analyses are higher in these runs than in experiments without quench crystallization.

2.5. Constraints on Oxygen Fugacity ( fO2)

The graphite‐lined platinum capsules impose an fO2 maximum of ΔIW + 2 at our run temperatures (ΔIW ± x
denotes the value of fO2 relative to the iron‐wüstite buffer in log10 units at given T; Holloway et al., 1992;
Krawczynski &Grove, 2012; Medard et al., 2008). Our spinel and orthopyroxene measurements indicate virtually
no Fe3+ in these minerals, which is taken as evidence for an fO2 about IW. Additionally, we could not detect any
iron metal in our runs, which would have indicated an fO2 corresponding to <ΔIW–2 (Krawczynski &
Grove, 2012). In summary, these observations bracket the fO2 of our experiments near the conditions predicted
for the lunar basalt source (∼ΔIW–0.5; Nicholis & Rutherford, 2009; Sato et al., 1973; Weitz et al., 1997).

Figure 1. (a) Modal mineralogy and composition of the starting materials
CMV, VI, and VI_II with fixed harzburgite (olivine + orthopyroxene:
0.5ol + 0.5opx), IBC, and urKREEP components. The IBC component
contains variable amounts of ilmenite (ilm), clinopyroxene (cpx), and
plagioclase (pl). CM X–XV do not contain an urKREEP component but
variable amounts of ol, opx, cpx, ilm (+pl). (b) The starting material
compositions, simulating a hybrid lunar mantle, depicted in Al2O3/CaO
versus MgO/SiO2 space (wt% ratios). Compositions with urKREEP and pl
have higher Al2O3/CaO compared to the other starting compositions.
Consequently, CMXV has low MgO/SiO2 with high ilm/cpx and ol/opx.
CM_VI and VI_II contain high abundances of urKREEP, pl, and cpx and
these compositions are characterized by lower MgO/SiO2. Color scheme for
(a): brown = ol, olive green = opx, bright green = cpx, black = ilm,
violet = pl, sand yellow = urKREEP.
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2.6. Attainment of Equilibrium

Equilibrium between minerals and melts is indicated by low standard deviations of multiple analyzes of mineral
phases and quenched melts only runs with visible quench mineralization had higher uncertainties (see discussion
above, e.g., runs GPC 772, GPC 807). Run durations were chosen according to experiments conducted under
similar conditions (Delano, 1980; Singletary & Grove, 2008). Furthermore, we calculated Fe‐Mg mineral‐liquid
exchange coefficients (KD

Fe–Mg) to assess whether experimental run durations were sufficient to attain equilib-
rium (Haupt, Renggli, Rohrbach, Berndt, & Klemme, 2024). The KD vary with pressure, temperature, and also
TiO2 of themelt and are in good agreementwith experiments conducted under similar conditions and compositions
(Krawczynski & Grove, 2012; Singletary & Grove, 2008; Wagner & Grove, 1997; Xirouchakis et al., 2001).

Moreover, linear least squares regression analysis of the measured phase compositions was used to determine Fe
loss, phase proportions, and degree of melting (F). We found that a maximum of 2 wt% Fe was lost to the capsule.
Mass balance, which was attained using linear least squares regression, mostly yields small residuum (r2) values
(<1). These observations together with homogeneous and unzoned crystals in the runs demonstrate that equilib-
rium was attained during the experimental runs.

3. Experimental Results
3.1. Melt Compositions Derived From Melting of a Hybrid Lunar Mantle Compared to Lunar Volcanic
Glass Compositions

All experiments contain glass (Table 2, Figure 2; degree of partial melting (Fmelt) = 0.18–0.75) in equilibrium
with olivine (Folivine = 0.22–0.58) and some experiments contain orthopyroxene (Fopx < 0.3), summarized in
Tables 2 and 3. The experiments that contained both olivine and orthopyroxene (Figures 2a and 2c) were run at
lower temperatures (<1,400°C for all CM starting materials, except CMX, where traces of orthopyroxene are
present at 1,400°C) showing low degrees of partial melting (Fmelt < 0.5; Table 2; Haupt, Renggli, Rohrbach,
Berndt, & Klemme, 2024). Olivine in the experiments is forsteritic (olivineFo = 79–91 mol%), and the fayalite
component increases with decreasing temperature (e.g., CMXV ol1400–1300°C: Fo90–84Fa10–16). Orthopyroxene

Figure 2. Back‐scattered electron images (BSE) of piston‐cylinder experiments in graphite‐lined platinum capsules.
(a) Overview image of experimental run at 1.5 GPa and 1,300°C, cumulate (CM) XI with olivine, orthopyroxene, and melt
(F = 0.3). (b) CMV at 1.5 GPa and 1,230°C with olivine (ol), orthopyroxene (opx), traces of ilmenite (ilm, bright white BSE
contrast) and spinel (sp, gray accessories), and melt (m). ilm and sp circled in blue. (c) CMX at 1.5 GPa and 1,400°C with
olivine, traces of orthopyroxene and melt. Note that quench textures in the melt were avoided during analysis. (d) CMVI_II at
1.5 GPa and 1,350°C with olivine and melt (F = 0.55).
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compositions are enstatite‐rich (Wo0–3En80–85Fs13–18). Traces of spinel are present in two runs of CMV at lower
pressures (0.8 GPa: ID GPC_785) and low temperature (1,250°C: ID GPC_772). The experiment with CMV at
1,250 C contains traces of ilmenite (Tables 2 and 3, Figure 2b and Haupt, Renggli, Rohrbach, Berndt, &
Klemme, 2024).

Mg# (molar ratio of Mg/(Mg + Fe)) of the experimentally produced glasses cover the range defined by the lunar
pyroclastic glasses (Figure 3). Mg# of melts produced by melting the CMVI and VI_II starting materials, and the
runs with CMV at high degrees of melting (Fmelt≥ 0.65), yieldMg# between 0.68 and 0.75, which are even higher
than the Mg# of lunar high‐Ti pyroclastic glasses (Mg# = 0.45–0.68, Figure 3). Mg# of melts from CMV with
lower degrees of melting (Fmelt ≤ 0.65) plot within the range of the red and black high‐Ti lunar picritic glasses
(Figures 3 and 4). In quenched melts derived from starting materials CMX, XI, XI_II, and XV, glass Mg# and
SiO2 contents are much lower, which can be explained by the presence of orthopyroxene in the runs as a
consequence of lower run temperatures and lower degrees of melting (Figure 3) and hence it is orthopyroxene that
exerts a strong control on the Mg# of the melt (CMXI, Figure 3). Glass compositions in experiments on starting
materials CMX, X_II, and XI are within the range of the FeO of the volcanic glasses (17.5–22.5 wt%). The MgO
of all experimental glasses cover the entire array of MgO contents of the lunar picritic glasses (i.e., 10–19 wt%
MgO). Especially, the glasses of CMV match the relatively high MgO of high‐Ti pyroclastic glasses (10–15
wt% MgO).

The closest match between experimental quenched melts and natural pyroclastic yellow to red‐black lunar
picritic glass compositions is shown in the SiO2‐TiO2 space, mainly reproduced by the experimental quenched
melt compositions of all four urKREEP‐free starting materials (Figure 4a: CMX, X_II, XI, XV). Melts with
high TiO2 contents were found predominantly at lower run temperatures of ∼1,300°C and consequently lower

Table 2
Experimental Run Conditions (P in GPa, T in °C, Duration t in h) Together With Information on the Starting Material (CMV–XV, Table 1), Phases Present, and Phase
Proportions, Calculated Using Linear Least Squares Regression Given in Brackets (1–100 wt%)

Run ID
Starting
Material

P
[GPa]

T
[°C] t[h] Phases and proportions Fe loss [wt%] r2

Calculated melt densities
[g/cm³]

Olivine
KD

Fe‐Mg

YPC_587 XV 1.5 1,400 6 ol(25), melt(73) 2 0.3 3.27 0.29

YPC_588 X_II 1.5 1,400 2 ol(38.5), melt(61.5) 0.9 3.18 0.29

YPC_589 VI_II 1.5 1,350 8 ol(43), melt(55) 2 0.7 3.06 0.27

GPC_868 X_II 1.5 1,300 8 ol(51), opx(30), melt(18) 0.2 3.52 0.13

GPC_869 XV 1.5 1,300 8 ol(41), opx(15), melt(43) 0.7 3.38 0.19

GPC_870 VI_II 1.5 1,250 10 ol(47), opx(13), melt(40) 0.2 3.07 0.26

GPC_847 XI 1.5 1,350 8 ol(58), opx(6), melt(35) 1 0.5 3.32 0.14

GPC_804 X 1.5 1,400 5 ol(48), melt(51), opx(tr) 1 0.7 3.21 0.27

GPC_805 X 1.5 1,300 15 ol(56), opx(15), melt(29) 0.3 3.45 0.14

GPC_806 XI 1.5 1,400 5 ol(50), melt(49) 1 0.5 3.25 0.26

GPC_807 XI 1.5 1,300 15 ol(56), opx(14), melt(30) 0.4 3.36 0.16

GPC_772 V 1.5 1,250 5.5 ol(46), opx(13), melt(38), sp(tr), ilm(3) 0.4 3.38 0.21

GPC_769 V 1.5 1,400 5 ol(42), melt(58) 0.5 3.32 0.21

GPC_770 V 1.5 1,500 2.5 ol(21.7), melt(75) 3.3 0.2 3.19 0.26

GPC_775 V 2.5 1,500 3.5 ol(36), melt(63) 1 0.7 3.46 0.19

GPC_784 V 2.5 1,400 5.3 ol(43), melt(56) 1 0.3 3.56 0.20

GPC_785 V 0.8 1,320 16 ol(44), melt(55), sp(tr) 1 0.8 3.20 0.22

GPC_777 VI 1.5 1,400 5.25 ol(33), melt(65) 2 0.1 3.09 0.31

GPC_782 VI 1.5 1,300 6 ol(42), opx(16), melt(41) 0.2 3.09 0.29

Note. Fe‐loss in wt% was calculated using mass balance constraints. The r2 values (residuum) are small (<1), indicating good agreement of starting material composition
and analyzed phases (least squares including major components except K2O, Cr2O3, MnO, Na2O, and NiO). Olivine = ol, orthopyroxene = opx, ilmenite = ilm,
spinel = sp. Melt densities as a function of composition, pressure, and temperature were calculated using the model of Bottinga and Weill (1970). More details can be
found in Haupt, Renggli, Rohrbach, Berndt, and Klemme (2024).
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degrees of melting (Fmelt = 0.18–0.38: Table 2, Figures 2–4). The quenched
melts of urKREEP‐bearing starting materials (Figure 1 CMV, VI, and
VI_II) cover the extremes of red‐black picritic glasses (CMV) on the one
hand and low‐Ti basalts on the other hand (CMVI, VI_II) (Figures 2–5) and
are in fact the only ones clearly overlapping with lunar samples. The partial
melts of both the CMVI and CMVI_II starting materials have SiO2 contents
(45–47 wt%), which is higher compared to other experimental glasses
(Figure 4a).

The CaO and TiO2 contents of the experimental quenched melts are close to
those of the lunar orange and black pyroclastic glasses (Figure 4b). The
experimental glasses cover the lunar pyroclastic glasses in CaO (6–8 wt%)
but show greater variability (4.5–10 wt%). CaO and TiO2 contents in the
melts are high when the degree of melting is low and both ol + opx are
residual phases. In the CaO‐TiO2 space, the trend of experimental glasses is
similar to the trend identified by the experimental glasses of Singletary and
Grove (2008), but generally shows higher TiO2. Melts of starting material
CMV and CMXI constrain the best matches in CaO and TiO2. Quenched
melts from experiments on CMVI (1,300°C) and VI_II melts not only have
elevated CaO and low TiO2, which resemble high‐Al basalts, but also match
these basalts in the MgO/SiO2‐TiO2/CaO space. TiO2/CaO in glasses of
experiments with starting material CMV, X, and XI yield TiO2/CaO close to
the lunar pyroclastic glasses (1–2.5, Figure 4c), whereas their MgO/SiO2 is
matched mainly by the 1,400°C experiments (MgO/SiO2 = 0.3–0.45,

Figure 3. Mg# of the experimentally produced quenched melts of a hybrid
lunar cumulate mantle as a function of melt fraction. The black dotted line
represents the orthopyroxene‐in line with opx present at lower melt
fractions. The white band that is limited by orange horizontal lines marks the
range of lunar picritic glasses of high‐Ti pyroclastic glasses, and the green
line marks the highest Mg# of green/VLT pyroclastic glasses (Delano, 1986;
Shearer & Papike, 1993).

Figure 4. Chemical composition of the Apollo 14 high‐Al basalts and picritic glass beads outlined as colored areas (i.e., bordered with point‐dashed; data sources:
Delano, 1986; Papike et al., 1997; Shearer & Papike, 1993) compared to our experimental quenched melts (circles: KREEP‐bearing and squares: KREEP‐free starting
materials). The light green area bordered by dashes depicts the compositions of low‐Ti and high‐Al mare basalts (Fagan et al., 2014; Hallis et al., 2004). The
compositions of experimental quenched melts of Singletary and Grove (2008), denoted as SG08, are depicted in the turquoise triangle and surrounded by a dotted line.
(a) SiO2 versus TiO2 (b) CaO versus TiO2 (c) TiO2/CaO versus MgO/SiO2, and (d) TiO2/SiO2 versus Al2O3/CaO. See Haupt, Renggli, Rohrbach, Berndt, and
Klemme (2024) for Mg# versus TiO2 and SiO2 versus FeO.
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Table 3
Experimental Results and EPMA Analyses of Minerals (olivine = ol, orthopyroxene = opx, ilmenite = ilm, spinel = sp) and Quenched Melt (gl), Given in Oxides in wt

Run ID Phase St mat P T F n SiO2 TiO2 Al2O3 Cr2O3 FeO MgO CaO Na2O K2O MnO Total

GPC 847 gl XI 1.5 1,350 0.35 8 40.5(6) 14.2(6) 7.3(4) 0.40(5) 18.9(5) 7.3(3) 8.7(4) 0.24(3) 0.39(6) 0.23(1) 98.1

opx 5 55.7(1) 0.83(7) 1.21(6) 0.57(1) 10.2(1) 31.4(1) 0.75(2) <DL <DL 0.11(1) 100.7

ol 5 39.68(9) 0.19(6) 0.07(2) 0.22(2) 16.3(1) 43.8(1) 0.12(1) <DL <DL 0.11(2) 100.5

GPC 772 gl V 1.5 1,250 0.38 10 35.5(4) 16.5(5) 10.9(1) 0.23(2) 16.5(2) 8.4(2) 8.7(4) 0.76(6) 0.65(6) <DL 98.1

ilm 0.11(4) 54.9(3) 1.59(2) 2.68(2) 27.6(1) 11.6(1) 0.19(4) <DL <DL 0.11(2) 98.7

sp 4 1.3(6) 6.2(6) 36(2) 19.2(9) 19.9(4) 15.2(3) 0.3(1) <DL <DL 0.09(1) 98.6

ol 3 39.4(1) 0.24(9) 0.08(1) 0.08(1) 17.4(1) 43.00(7) 0.17(4) <DL <DL 0.07(1) 100.5

opx 4 51.7(3) 1.5(2) 6.1(5) 0.77(2) 10.9(4) 28.3(3) 1.22(8) <DL 0 0.07(1) 100.6

GPC 806 gl XI 1.5 1,400 0.49 6 43.2(3) 10.0(3) 4.7(1) 0.54(5) 18.9(3) 15(1) 4.8(2) 0.25(3) 0.22(1) 0.21(1) 98.2

ol 5 40.1(1) 0.23(1) 0.06(3) 0.24(1) 14.7(1) 45.3(2) 0.12(2) <DL <DL 0.11(1) 100.9

GPC 807 gl XI 1.5 1,300 0.3 6 36.5(8) 17.1(4) 7.7(2) 0.33(6) 19.1(4) 7.3(2) 9.5(4) 0.27(5) 0.44(6) <DL 98.3

ol 4 39.45(8) 0.17(3) 0.06(1) 0.20(2) 18.2(2) 42.2(1) 0.15(3) <DL <DL 0.13(3) 100.5

opx 3 54.7(4) 1.14(3) 1.9(2) 0.72(7) 11.2(1) 30.22(4) 0.98(1) <DL <DL 0.09(1) 101.0

GPC 784 gl V 2.5 1,400 0.55 26 36.0(4) 15.1(5) 9.2(5) 0.59(6) 17.1(4) 12.3(1) 6.7(3) 0.61(7) 0.50(7) <DL 98.1

ol 10 40.0(3) 0.21(4) 0.125(1) 0.19(2) 13.2(3) 46.7(3) 0.12(1) 0.011(6) <DL 0.07(1) 100.7

GPC 785 gl V 0.8 1,320 0.55 30 35.4(4) 16.1(6) 9.4(4) 0.48(6) 17.1(4) 12.1(6) 6.5(3) 0.61(6) 0.50(5) <DL 98.1

ol 10 40.1(2) 0.25(4) 0.11(2) 0.22(2) 14.1(3) 46.0(2) 0.13(1) <DL <DL 0.07(1) 100.9

sp 10 0.19(3) 9.8(2) 20.3(1) 32.2(2) 20.3(6) 15.7(2) 0.09(1) <DL <DL 0.14(1) 98.6

GPC 769 gl V 1.5 1,400 0.53 36 35.7(4) 14.7(1) 8.8(7) 0.54(7) 18.5(4) 13(2) 5.8(5) 0.55(8) 0.44(6) <DL 98.2

ol 20 39.7(1) <DL 0.13(1) 0.20(2) 13.4(1) 46.2(2) 0.15(1) <DL <DL <DL 99.8

GPC 770 gl V 1.5 1,500 25 37.7(6) 11(2) 7(2) 0.48(8) 14.4(6) 21(6) 5(1) 0.49(8) 0.39(8) <DL 98.2

ol 5 40.9(2) 0.19(7) 0.13(2) <DL 8.9(3) 50.4(2) 0.14(3) 0.02(1) <DL <DL 101.0

YPC 587 gl XV 1.5 1,400 0.73 8 40.2(4) 13.0(4) 3.52(8) 0.75(8) 14.3(3) 20.44(6) 5.3(1) 0.31(1) <DL 0.28(1) 98.0

ol 5 40.8(2) <DL <DL 0.24(3) 10.1(2) 49.22(1) <DL <DL <DL <DL 100.4

YPC 588 gl X_II 1.5 1,400 0.62 15 44.3(9) 7(1) 3.2(5) 0.43(7) 20(1) 22(5) 1.9(4) 0.33(3) <DL <DL 99.5

ol 5 40.3(2) <DL <DL <DL 12.4(2) 47.7(2) <DL <DL <DL <DL 100.4

YPC 589 gl VI_II 1.5 1,350 0.55 11 46.8(3) 2.47(9) 12.2(3) <DL 11.6(3) 14(1) 9.9(2) 0.75(7) 0.27(4) <DL 98.1

ol 5 40.4(2) <DL 0.14(9) <DL 10.9(2) 48.7(2) 0.24(5) <DL <DL <DL 100.4

GPC 868 gl X_II 1.5 1,300 0.18 21 33(1) 21(2) 7.3(4) 0.38(9) 23.0(7) 6.5(8) 6.0(5) 1.1(1) 0.39(4) <DL 98.1

ol 5 39.00(6) <DL <DL <DL 19.6(3) 41.6(1) <DL <DL <DL <DL 100.1

opx 5 54.4(3) 1.15(7) 1.7(1) 0.69(6) 12.0(2) 29.9(2) <DL <DL <DL <DL 100.4

GPC 869 gl XV 1.5 1,300 0.43 22 35.6(1) 20.1(8) 5.5(3) 0.65(9) 17.5(3) 9.5(9) 9.0(7) 0.44(6) 0.23(2) <DL 98.6

ol 5 39.7(1) <DL <DL 0.25(3) 15.4(2) 44.5(2) <DL <DL <DL <DL 99.8

opx 5 55.1(3) 1.36(5) 1.33(7) 0.86(5) 9.74(8) 31.0(2) 1.05(2) <DL <DL <DL 100.5

GPC 870 gl VI_II 1.5 1,250 0.4 12 45.3(3) 3.3(3) 15.2(3) <DL 11.4(3) 9.1(7) 12.3(2) 1.07(6) 0.36(3) <DL 98.0

ol 5 39.6(2) <DL 0.17(4) <DL 14.8(4) 45.2(4) 0.28(6) <DL <DL <DL 100.0

opx 5 53.5(1) 0.1(2) 5(1) 0.6(1) 9.2(2) 29.2(6) 2.23(9) <DL <DL <DL 100.2

GPC 804 gl X 1.5 1,400 0.5 10 43.7(5) 9.7(9) 6.2(7) 17.8(6) 16(4) 4.9(6) <DL 0.24(4) <DL 98.2

ol 4 40.1(3) <DL <DL <DL 13.9(1) 46.3(2) <DL <DL <DL <DL 100.4

opx 3 56.9(4) 0.70(3) 0.84(3) <DL 8.60(4) 33.2(1) 0.50(2) <DL <DL <DL 100.8

GPC 805 gl X 1.5 1,300 0.29 12 37.9(9) 14.8(6) 8.9(3) <DL 20.1(7) 6.6(4) 8.9(6) 0.48(4) 0.42(6) <DL 98.1

ol 5 39.0(4) <DL <DL <DL 18.2(2) 42.3(3) 0.1(1) <DL <DL <DL 99.7

opx 5 54.8(2) 1.1(2) 1.9(1) <DL 11.6(1) 30.3(3) 0.84(6) <DL <DL <DL 100.8

GPC 775 gl V 2.5 1,500 0.63 20 36.2(7) 14(2) 8(1) 0.57(6) 18.0(4) 15(5) 6(1) 0.57(1) 0.44(7) <DL 98.4
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Figure 4d). The MgO/TiO2 of most quenched melts does not compare with the natural samples, which have all
very similar MgO/SiO2. The MgO/SiO2 requires a means to be buffered.

Quenched melts of CMV, CMVI, and CMVI_II have high Al2O3/CaO of 1.2–
1.5 compared to glasses from urKREEP‐free starting materials and natural
lunar pyroclastic glasses (Figure 4d). Starting material CMVI yields glasses
with Al2O3/CaO higher than quenched melts from CMVI_II (1.4 instead of
1.2: Figure 4d). Al2O3/CaO of glasses from CMXI and XV are comparatively
low (Figure 4d: Al2O3/CaO = 0.7–1 and ∼0.6, respectively), covering a wide
range of the high‐Ti to intermediate‐Ti picritic glasses (0.3–0.6). Quenched
glasses of experiments on CM V and XV are higher than the natural sample
suite.

4. Discussion
4.1. Effects of Hybrid Mantle Mineralogy

4.1.1. Pyroxene

A major component of each starting material (CM) is a harzburgite (50%–
80%, Table 1, Figure 1), which causes high Mg# of the bulk compositions
(Mg# = 0.74–0.8; Table 1). Mg# of the partial melts, however, vary and are
strongly controlled by the appearance of orthopyroxene; for example, crys-
tallization of 6–12 wt% of orthopyroxene results in a drop in melt Mg# of 0.2–
0.3 units compared to experiments without orthopyroxene (Figure 3). In runs
with high degrees of partial melting, orthopyroxene is not stable (Fmelt > 0.4:
Figure 3). Its proportion in the harzburgite component of the starting material
influences the extent to which the Mg# of the experimental glasses matches
lunar glasses: CMXI and XV both contain more olivine than orthopyroxene in
the harzburgite cumulate component (ol/opx = 3/2) and quenched melts in
runs with these starting compositions do match the range of lunar pyroclastic
glasses (Figures 1 and 5, Tables 2 and 3).

4.1.2. Composition of the IBC Layer

The TiO2 content of the quenched melt is strongly controlled by ilmenite and
clinopyroxene in the IBC component of the starting material. High TiO2 in the
melt is achieved by melting a starting material cumulate with ilm/cpx pro-
portions of 1/1 (CMX, X_II, XI), 2/1 (CMXV), and 4/1 (CMV) (Figures 4a
and 5c). The correlation of TiO2/SiO2 of the experimental quenched melts
with ilm/cpx in the starting material is nearly linear for both 1,300 and
1,400°C runs and almost all experimental glass compositions overlap with the
range of lunar pyroclastic glasses (Figure 5c). The lower the ilmenite

Table 3
Continued

Run ID Phase St mat P T F n SiO2 TiO2 Al2O3 Cr2O3 FeO MgO CaO Na2O K2O MnO Total

ol 5 40.6(2) 0.21(4) 0.16(5) 0.18(2) 11.1(2) 48.6(2) 0.14(2) 0.02(1) <DL 0.09(1) 101.2

GPC 777 gl VI 1.5 1,400 0.64 10 46.4(4) 2.1(4) 11.1(6) <DL 11.6(2) 18.5(7) 7.8(2) 0.64(7) <DL <DL 98.0

ol 5 40.7(1) <DL 0.14(5) <DL 9.72(7) 49.7(1) 0.19(2) <DL <DL <DL 100.4

GPC 782 gl VI 1.5 1,300 0.41 10 45.6(4) 2.7(2) 14.6(3) <DL 12.4(4) 11.3(6) 10.8(3) 0.78(8) <DL <DL 98.1

ol 5 39.75(7) <DL 0.12(2) <DL 14.6(2) 45.4(1) 0.28(5) 0.02(1) <DL <DL 100.3

opx 5 53.5(5) 0.38(8) 5.0(6) 0.43(4) 8.9(3) 30.1(3) 1.63(6) <DL <DL <DL 100.0

Note. % with absolute errors on the last digits (ơ) given in brackets. F = phase proportions (0 < F < 1) calculated by linear least squares method and n = number of
analyzes; <DL below detection limit. P = pressure in GPa, T = temperature in °C, st mat = starting material, run ID = experimental run number.

Figure 5. Experimental glass compositions on the ordinate plotted against the
mineralogical composition of the starting materials on the abscissa (e.g., ol/
opx start). The composition of the experimental quenched melts was color
coded for run temperature (turquoise = 1,300°C or red = 1,400°C, comp.
Table 2) (a) ol/opx versus Mg#, (b) ol/cpx versus Mg# (c) ilm/cpx versus
TiO2/SiO2 (d) pl/cpx versus Al2O3/CaO. Orange lines delineate the range of
the Apollo picritic glasses (Delano, 1986; Papike et al., 1997; Shearer &
Papike, 1993). The green band in (d) depicts the range of Apollo14 high‐Al
mare basalts (Fagan et al., 2014, and compilation of Wieczorek et al., 2006)
(a + b) the degree of melting influences Mg#, with the 1,400°C runs having
the higher Mg# (a) sorted by T, higher Mg# of glasses correlate with ol/opx.
(b) high Mg# correlate with high ol/cpx and 1,400°C, but are inversely
correlated with the glasses in the 1,300°C runs. (c) The ilm/cpx of the
starting material correlates with TiO2/SiO2 of the experimental quenched
melt, high ilm/cpx in the starting material yields high‐Ti quenched melts.
(d) high Al2O3/CaO is found in runs with an urKREEP component in the
starting material and in starting material CMX_II with no pl in the starting
material (Figures 1 and 4d). Abbreviations: ilm = ilmenite, pl = plagioclase,
cpx = clinopyroxene, ol = olivine.
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proportion in the starting material cumulate, the lower the melt fraction needs to produce high‐TiO2 quenched
melts. Experimental glasses of starting materials with ilm/cpx = 1/1 (CM X, X_II; Table 1) produce high‐TiO2
glasses with Fmelt = 0.29 and 0.18, respectively, at 1,300°C, whereas CMV with ilm/cpx = 4/1 in experiments
successfully reproduce high‐Ti lunar pyroclastic glass compositions at Fmelt= 0.38 (Figures 1 and 5, Tables 1 and
2). The lowest ratio of ilm/cpx (1:10) in our starting material cumulate yields low‐Ti quenched melts (2–5 wt%
TiO2), similar to the A14 high‐Al mare basalts (Figures 4a and 4d). The best match of experimental glasses (in
terms of TiO2/SiO2, Al2O3/CaO, and TiO2/SiO2) with lunar pyroclastic glasses was achieved by starting material
cumulate CMXI with ilm/cpx = 1/1, ol/opx = 3/2 and ol/cpx = 4.6 (Figure 5).

Starting materials to which plagioclase was added as part of the IBC component have elevated Al2O3/CaO
compared to starting materials without plagioclase (Figure 1, all except X_II and XV). Partial melting of these
starting materials results in quenched melts with Al2O3/CaO similar to those of the high‐Ti pyroclastic glasses
(Figures 4d and 5d), indicating that plagioclase in the lunar cumulate source is required and that the efficiency of
plagioclase flotation during LMO crystallization was less than 100% (Charlier et al., 2018). Starting materials
CMX and XI contain 2–6 wt% plagioclase (ilm/cpx/pl in IBC = 1/1/0.25 and 1/1/0.1, respectively) and their
glasses cover the Al2O3/CaO range of pyroclastic glasses (0.6–1.1, Figure 5d). Quenched melts in experiments
using starting materials CMX_II and XV, which lack plagioclase in the bulk (Figure 1), show variable Al2O3/CaO
due to different amounts of clinopyroxene in the IBC component (Figures 1 and 5b; Table 1). Hence, we propose
that a small but significant amount (between 2 and 5 wt%) of plagioclase definitely needs to be present in the lunar
mantle cumulates at the depth of melting.

4.2. Melting a Lunar Hybridized Cumulate Mantle: What Are the Main Controls on Melt Composition?

Our experiments show that simple one‐stage partial melting of a hybrid lunar cumulate mantle can produce melts
with TiO2 contents between 7 and 20 wt% that are very similar to the Apollo high‐Ti pyroclastic glasses
(Figure 4a). The experimental quenched melts are in equilibrium with olivine or olivine + orthopyroxene
(Tables 2 and 3; e.g., Delano, 1980; Elkins et al., 2000; Krawczynski & Grove, 2012). In our experiments, no
other phase is present near the liquidus P‐T conditions. Spinel and ilmenite, however, appear at lower P‐T
(0.8 GPa, 1,320–1,250°C) in experiments GPC 785 and GPS 772, underlining the fact that ilmenite saturation
is sensitive to pressure and temperature. The pressure in most of our experiments (1.5 GPa) corresponds to the
shallower end of the predicted depth of the lunar basalt source (150–700 km depth; Delano, 1980; Elkins‐Tanton
et al., 2003). Experiments conducted at higher pressures (2.5 GPa, run ID GPC784) show the same phase relations
as the run at 1.5 GPa (run ID GPC 769) and therefore we conclude that pressure has only a minor effect on the
phase relations within the lunar mantle at the source depth of lunar basalts (Elkins‐Tanton et al., 2002, and ref.
therein), and that bulk mantle composition and temperature predominantly control the compositions of quenched
melts in our study. Overall, the experimental results show that small‐scale inhomogeneities in the lunar mantle
significantly affect partial melt compositions.

In our experimental melts, the ol/opx of the starting material controls Mg# of the experimental melts, that is,
starting materials with ol/opx > 1 best reproduce the lunar pyroclastic range and the ideal ol/opx of the starting
material for reproducing Mg# of pyroclastic glasses is 1.2–1.5 (Figure 5a). A ratio of ol/cpx of 3/1 at low degrees
of melting (i.e., 1,300°C) yields glass compositions that are similar in Mg# to the pyroclastic glasses (Figure 5b),
whereas at high degrees of melting (red diamonds), the trend is opposite, with ol/cpx of 4/1–5/1 in the starting
material yields quenched melts with Mg# similar to lunar pyroclastics. Al2O3/CaO and Mg# of the experimental
glasses are very sensitive to the presence of orthopyroxene (Figures 2–5). Orthopyroxene in the experiments is
very close to pure enstatite, but it does contain up to 3 mol% of wollastonite component (Table 3). Consequently,
when orthopyroxene crystallizes, Al2O3/CaO in the glass decreases (Figures 4 and 5).

In summary, our experiments suggest that some plagioclase and Fe‐Ti oxides must be present in the source of the
picritic lunar basalts, if they are indeed a product of simple melting of a hybrid lunar cumulate. It is well
established that plagioclase crystallizes when the LMO has solidified by 74%–80% and it continues to crystallize
until the solidification is complete (Rapp & Draper, 2018; Schmidt & Kraettli, 2022). Fe‐Ti oxides crystallize in
the last ∼5% of solidification together with plagioclase and clinopyroxene, hence we consider it very likely that
small amounts of plagioclase were trapped between these mineral cumulates (Charlier et al., 2018; Dygert
et al., 2017; Namur et al., 2011). A gravitational overturn after solidification of the LMO may then transport
ilmenite, clinopyroxene, and small amounts of plagioclase into the deeper parts of the lunar mantle (e.g.,
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Ringwood & Kesson, 1976). These cumulates will then be mixed with harzburgite cumulate (Figure 6), and
melting will occur mainly due to decompression of this mixed lithology, probably around the depth of multiple
phase saturation.

Despite the similarities between our experimental data and the natural samples, we also see strong mismatches in
TiO2‐CaO fractionation trend. Similar to Singletary and Grove (2008), we observe a positive correlation between
TiO2 and CaO parallel to their observed fractionation trend with modal proportions of ilmenite in the IBC layer
(Figure 4b). Hence, we conclude that their suggestion that in a simple melting process the success of attaining
high‐Ti red and red‐black lunar pyroclastic glass compositions is indeed controlled by the composition of the IBC
layer. The proportion of ilm/cpx will influence the Ti content in the melt as will the degree of melting. High Ti‐
glasses in our experiments were attained by ilm/cpx between 4/5 and 4/1. CaO contents between 6 and 8 wt%were
achieved, where ilm/cpx was 1/1 and 2/1 in compositions without added urKREEEP material and low degrees of
melting. The composition CMV, which contained significant amounts of urKREEP component, also yielded
appropriate CaO with very high degrees of melting (around 0.6). The yellow and orange pyroclastic glass
compositions (TiO2 between 3 and 10 wt%) which contain CaO comparable to the red pyroclastic glasses are not
matched by our experiments, but experimental evidence has shown, that these compositions were approached by
melting hybrid lunar mantle compositions with modal ilm/cpx (Brown & Grove, 2015; Singletary &
Grove, 2008). Hence, we assume that simple melting process including IBC with variable ilm/cpx can be
responsible for the variability in TiO2 contents of the lunar pyroclastic glass suite from yellow to red.

However, there are several mismatches between our data and the natural samples, especially regarding Mg#,
MgO/SiO2, and Al2O3. We suggest that secondary processes after melting have affected the melt compositions.
Depending on the density structure of the lunar interior, high‐Ti melts were buoyant, rose up, or sunk to greater
depth (Xu et al., 2022). Seismic data from the Moon indicates a deep molten layer within the lunar mantle, which
has been interpreted as a remnant of the IBC, which upon overturn sunk to the core‐mantle boundary (Mallik
et al., 2019; Xu et al., 2022; Zhang et al., 2013, 2022). However, the same studies have emphasized that melts of a
heterogeneous lunar mantle can be positively buoyant under certain circumstances. The overturn will not have

Figure 6. Sketch illustrating the formation of lunar basalts from a hybridized cumulate mantle as a consequence of a
gravitationally driven overturn. (a) Crystallization of the lunar magma ocean leads to a solidified layered lunar mantle, where
the anorthosite crust was formed by plagioclase flotation. A dense IBC layer rests on top of a harzburgite mantle and the
urKREEP layer is wedged between the IBC and anorthosite crust (b) The high density of the IBC causes a large‐scale mantle
overturn and IBC (±urKREEP and plagioclase) is transported into the deep lunar mantle and hybridized along the way (1).
Melting is caused mainly by decompression (2) high‐Ti melts originate from single stage melting (see text). Partial melts
from a heterogeneous mantle (ol + opx + cpx + ilm ± pl/urKREEP) with variable ilm/cpx cover the entire Ti range of the
lunar high‐Ti pyroclastic glasses. The melts will react with the host‐rock during their ascent (3), altering their major and trace
elemental budget and isotopic composition.
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been completely efficient, leaving a significant proportion of IBC within the depth range of the origin of mare
magmas (Xu et al., 2022). Hence, we assume that buoyant high‐Ti melts ascended toward the lunar surface,
potentially reacting with their surrounding host rock (“reactive ascent” Mallik et al., 2019). The major and trace
element budget was altered by assimilation. In this study, we experimentally investigated a simple melting
process, but experiments have shown that the interaction between a dunite mantle and an IBC layer at depth is
complex (e.g., Scholpp & Dygert, 2024). Due to different solidus temperatures, the IBC layer will melt before the
surrounding mantle starts to assimilate its host rock. Reaction‐couple experiments by Scholpp and Dygert (2024)
have shown that the olivine‐undersaturated character of an IBC melt will enhance the dissolution of a dunite
mantle, potentially further increasing the MgO content (and Mg#) of the melt. Additionally, clinopyroxene and
garnet form as products of the assimilation. Fractionation of clinopyroxene lowers the SiO2 and CaO contents,
simultaneously enriching the melt in FeO and TiO2. This process happens comparatively fast (within hours, see
experiments in Klaver et al., 2024; Scholpp & Dygert, 2024). The modification of melts during reactive ascent has
also been supported by reaction experiments using IBC melts and olivine + orthopyroxene (Klaver et al., 2024).
The experiments showed, that during solid‐liquid interaction of an IBC with a harzburgitic mineral assemblage,
the minerals will be depleted in MgO. The Al2O3 of the melts rises due to an in situ replacement reaction of
orthopyroxene, which scavenges the Al2O3 from the orthopyroxene, rendering the reacted melts more similar to
high‐Ti pyroclastic compositions in their Al2O3/CaO (Klaver et al., 2024). Melting of a hybrid lunar mantle and
reactive ascent of these melts can further account for the high‐Ti melt's Mg, Ca, Fe, and Ti isotopic signature
(Klaver et al., 2024; K. B. Prissel et al., 2024). Hence, we propose that the process responsible for the chemical
variety of the suite of lunar pyroclastic glasses (yellow to red‐black) is a combination of melting a hybrid
cumulate mantle and the reactive ascent of the melts.

4.3. Effects of an urKREEP Component in the Starting Material on Experimental Melt Compositions and
the Origin of Low‐Ti, High‐Al Mare Basalts

Experimental quenched melts from starting materials containing an urKREEP major element component and low
ilm/cpx (1/7) are very similar to low‐Ti, high‐Al mare basalts (Figures 4 and 5). The fraction of urKREEP we
added is relatively high (0.3–0.4; Figure 1), but it should be noted that previous studies suggested no less than 15%
of the KREEP component in the source of the high‐Al and low‐Ti mare basalts (Neal & Taylor, 1992; Neal
et al., 1989). We produced melts similar to the high‐Al basalt composition by melting a hybrid lunar mantle. Our
experimental findings are a valuable contribution to the discussion on the origin of high‐Al basalts. Similar to the
high‐Ti lunar basalts, it has been discussed if the low‐Ti and high‐Al basalts are the result of assimilation‐
fractional crystallization (S. Li et al., 2016; Neal & Taylor, 1992; Nyquist & Shih, 1992) or if these basalts
are the product of melting of a hybrid lunar mantle (Hughes et al., 1990). Our experiments provide evidence that
melting a hybrid lunar mantle containing significant proportions of an urKREEP major element component can
produce melts similar to the high‐Al basalts and support the feasibility of the latter hypothesis. This origin was
also proposed based on the variability of incompatible trace element concentrations in those basalts (Hughes
et al., 1990) and Ge‐abundances (Dickinson et al., 1989). The elevated abundance of incompatible trace elements
in high‐Al basalt samples (especially A14 high‐Al basalts) strongly supports the presence of urKREEP in their
source (Hagerty et al., 2006; Hallis et al., 2014; Hui et al., 2013; S. Li et al., 2016). The question remains if the
trace elemental signatures in natural lunar rocks correspond to the amounts of urKREEP component added as a
major component in our starting materials. Trace element analyzes on natural lunar pyroclastic glasses have
shown that they are variable and generally support the incorporation of a REE‐enriched component, such as
KREEP, in their source (Hagerty et al., 2006; Shearer & Papike, 1993). Nevertheless, the trace element abun-
dances in the melt will be influenced by reactive ascent (see discussion above) and are also heavily dependent on
eventual trapped liquids. It is hard to determine if the REE signatures of lunar basalts were inherited from the
source, or if they were the product of assimilation (e.g., Münker, 2010). Final constraints on KREEP, its storage,
its role in the overturn, and on its definite major element composition remain elusive.

Significant proportions of KREEP as a major component in the lunar mantle (0–50 wt%) can depress the melting
points of lunar cumulates and could enhance the melt production by 2–13 times (Elardo et al., 2020). This could
be a valuable contribution to produce significant amounts of melting on the Moon over a protracted time episode.
The high‐Al lunar basalts are relatively old (4.3–4 Ga; Nyquist & Shih, 1992) and were thought to be associated
with lunar crustal rocks (e.g., Mg‐suite rocks, Shearer & Papike, 1999). However, the presence of KREEP during
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the emergence of Mg suite rocks has been debated and our experimental results underline that at least for
explaining the major element characteristics in high‐Ti lunar basalts, KREEP is not required.

On the contrary, our experiments suggest that a KREEP major element component is required in the source of
early low‐Ti, high‐Al mare basalts. If the trace element signature of these basalts is primary, the observed variable
enrichment of incompatible elements in the natural high‐Al basalts indicates a heterogeneous source, such as a
hybrid lunar mantle. It could also simulate different degrees of assimilation of the host rock. Assuming KREEP
was overturned with the IBC layer, this component lowered the solidus, leading to an increased magma pro-
duction and secondary crust building. This thickened crust could have acted as insulation on the lunar nearside,
potentially limiting the amount of heat escape (Elardo et al., 2020; Laneuville et al., 2018). The concentration of
KREEP in the lunar nearside mantle, possibly beneath the Procellarum KREEP Terrain (PKT), in conjunction
with an insulating thick crust and heat coming from the cooling lunar core and core‐mantle friction, provides a
plausible explanation for long‐lasting volcanic activity on the Moon (Haupt et al., 2023; Laneuville et al., 2018;
Yu et al., 2023).

4.4. Implications for the Thermal Evolution of the Moon's Interior

Temperature constraints of our experiments indicate that significant lunar mantle melting occurred at the time of
high‐Al basalt emplacement and at the time of the eruption of high‐Ti pyroclastic glasses (∼4.0 and ∼3.3–3.5 Ga
ago; Delano, 1986; Papike et al., 1998; Snape et al., 2019). These observations are underlined by recent findings,
suggesting that the transition between primary lunar crust (anorthosite layer) and secondary lunar crust (magmatic
units, like Mg suite, KREEP basalts, mare basalts) began very early in lunar history and was indeed strongly
controlled by the overturn of the mantle cumulates (T. C. Prissel et al., 2023). At least locally, significant melting
in the lunar mantle will have occurred during a protracted period (Elardo et al., 2023). According to the melt
fractions in our cumulate melting experiments, ∼20%–40% degrees of melting are required to generate the
observed variety of high‐Ti lunar basalts. Melting of a solidified cumulate mantle occurs as a consequence of solid
state convection inside solidified cumulates, possibly already taking place in lowermost cumulates, while the
lunar magma ocean solidification was still not completed, relatively early in lunar history (Maurice et al., 2020;
Morison et al., 2019). An overturn of relatively dense cumulates into a less dense underlying mantle will have
induced upwellings, enforcing adiabatic decompression (Maurice et al., 2017, 2020). A gravitational overturn, a
prerequisite assumption for our partial melting experiments, will enhance decompression melting by horizontal
mass movement and thus enhance the melting of a hybrid, locally heterogeneous, lunar cumulate mantle
(Figure 6). Significant melt fractions are produced by decompression mantle melting from e.g., 400 to 100 km
depth (Hess, 1992; Ringwood & Kesson, 1976). Large‐scale thermal inhomogeneities, as modeled for the Moon,
may be responsible for rather local occurrences of lunar black and green picritic glass samples, which require a
large degree of melting (30%–60%, Elkins‐Tanton et al., 2003; Green & Ringwood, 1973; Solomon &
Head, 1980; Wieczorek & Phillips, 2000; Zhang et al., 2022).

The overturn is driven by descending heavy ilmenite, clinopyroxene, and plagioclase‐bearing (see discussion
above) cumulates into the deeper mantle (H. Li et al., 2019; Yu et al., 2019), which consequently resulted in an
upward movement of earlier and deeper harzburgite (Figure 6). We then envisage that the mantle harzburgite
mixed with different amounts of the heavy cumulates, resulting in heterogeneous mixtures. Melting is caused
mainly by decompression (Hess, 1992; Ringwood & Kesson, 1976). High‐Ti lunar melts will be buoyant with
respect to the lunar mantle, as long as they originate from a depth of about 250 km (Elkins‐Tanton et al., 2002;
Singletary & Grove, 2008; Xu et al., 2022), the depth of most of our experiments.

Our experiments give an idea on how a heterogeneous mantle on a local scale can influence melt compositions
and our observations reinforce the IBC overturn model (Figure 6). However, a simple melting of our suggested
hybrid lunar mantle compositions do not account for all major element systematics observed in lunar mantle melts
and suggest that assimilation during reactive ascent is still required. Thus, our model proposes:

1. Mixing of the mantle cumulates due to overturn along the entire transect of their decent until melting occurs. A
proportion of the IBC did not sink until the CMB. The overturn resulted in heterogeneous mantle cumulate
compositions; this causes heterogeneities in the distribution of heat producing elements within the lunar
mantle (Haupt, Renggli, Rohrbach, Berndt, Schwinger, et al., 2024).
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2. Melting of the hybrid mantle occurs by decompression with additional heat provided by heat‐producing el-
ements and/or by impacts (Elkins‐Tanton et al., 2004). Melting points might be decreased by plagioclase‐rich
KREEP material.

3. Ascending high‐Ti melts were modified by assimilation during melt‐rock interaction.

Accurate determination of the selenotherm is difficult due to the mantle heterogeneities (Wang et al., 2024).
Consequently, we assume that the melting of the lunar mantle occurred in very localized regions, potentially
toward lower pressures and depths, where melts are positively buoyant.

5. Conclusions
• Partial melting of a hybrid lunar mantle containing variable amounts of ilmenite bearing cumulate with
nonmodal proportions of ilm/cpx/pl can generate melts that are similar to lunar high‐Ti lunar pyroclastic
glasses.

• Our results support the lunar magma ocean overturn model by which variable amounts of late stage cumulates
rich in ilmenite and clinopyroxene with minor amounts of plagioclase can be transported into the lunar mantle.

• The suite of hybrid lunar mantle compositions, investigated in this study, does not account for all major
element systematics in lunar pyroclastic glasses and calls for melt alteration during reactive ascent of these
magmas, supporting evidence of incompatible trace elements and isotopic data.

• An urKREEP component in the source generates melts with a composition similar to the low‐Ti and high‐Al
mare basalts. The heterogeneously distributed urKREEP component in the lunar mantle may also contribute
significantly to the heat needed to generate lunar basalts much later than the overturn.
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