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Abstract
Modeling the behavior of trace elements during lunar magma ocean solidification is important to further our understanding 
of the chemical evolution of the Moon. Lunar magma ocean evolution models rely on consistent datasets on how trace ele-
ments partition between a lunar silicate melt and coexisting minerals at different pressures, temperatures, and redox condi-
tions. Here we report new experimental trace element partition coefficients (D) between clinopyroxene (cpx), pigeonite, 
orthopyroxene, plagioclase, olivine (ol), and silicate melt at conditions relevant for the lunar magma ocean. The data include 
 Dcpx−melt at ambient and high pressures (1.5 GPa and 1310 °C), and partition coefficients at ambient pressure for pig, opx, 
ol, and pl. Overall, clinopyroxene is a phase that may control the fractionation of key geochemical trace element ratios, such 
as Lu/Hf and Sm/Nd, during the evolution of the lunar magma ocean. We explore the impact of the new silicate  Dmineral−melt 
on the trace element evolution of the lunar magma ocean and we find that accessory phosphate minerals, such as apatite or 
whitlockite are of critical importance to explain the observed trace element and isotopic signature of the KREEP reservoir 
on the Moon. The new partition coefficients were applied to calculate the trace element evolution of the residual melts of 
the crystallizing lunar magma ocean and we propose a new trace element composition for the urKREEP reservoir. The new 
data will be useful for future thermo-chemical models in order to adequately predict the duration of the lunar magma ocean 
and the age of the Moon.

Keywords Experimental petrology · Geochemistry · partition coefficient · LAICPMS · Lunar magma ocean · Oxygen 
fugacity · Moon · High pressure experiment · Trace element partitioning · urKREEP

Introduction

It is widely accepted that a collision of a Mars-sized plan-
etary body with the Earth led to the formation of the Moon 
(e.g., Canup and Righter 2000), and that the release of 
kinetic energy of the collision resulted in the formation of 
large and deep magma oceans on the Moon and the Earth 
(e.g., Elkins-Tanton et al. 2011). Several recent experimental 
studies and geodynamic models show how the lunar magma 
ocean (LMO) differentiated into a layered cumulate man-
tle (Elkins-Tanton et al. 2011; Elardo et al. 2011; Lin et al. 
2017; Charlier et al. 2018; Rapp and Draper 2018; Johnson 
et al. 2021; Schmidt and Kraettli 2022).

Moreover, thermophysical modeling (Maurice et al. 2020) 
aimed to determine the duration of the lunar magma ocean 
stage by combining a computed solidification sequence 
with thermal evolution of the LMO and the lunar mantle, 
and additionally trace element evolution. The outcomes of 
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the combined thermal and chemical fractionation modeling 
allowed to calculate the isotopic evolution of 176Lu–177Hf 
and 147Sm–143Nd systems, which were used to integrate iso-
topic compositions and absolute ages of lunar rocks (Fer-
roan Anorthosite sample FAN 60025 and Kalahari 009, Borg 
et al. 2011, Snape et al. 2018) and to calculate the timing of 
LMO crystallization and the age of the Moon (Maurice et al. 
2020). Their preferred model predicts that the solidification 
of the LMO took ~ 170 Ma. This model depends critically 
on the depth of the initial LMO and trace element parti-
tion coefficients of Lu, Hf, Sm, and Nd between the LMO 
residuum and crystallizing mineral phases.

Maurice et al. (2020) used partition coefficients originally 
intended for terrestrial conditions (e.g., McDade et al. 2003; 
Klemme et al. 2006) and they showed that trace element 
partition coefficients  (Dmineral−melt) control the trace element 
evolution of the LMO and hence lunar age predictions (Mau-
rice et al. 2020 and Fig. 4 therein). From these authors’ work 
it can be concluded that it is clinopyroxene that exerts a pri-
mary control over the evolution of nearly all trace elements.

Numerous studies determined  Dcpx−melt at conditions rel-
evant to Earth (e.g., Hauri et al. 1994; McDade et al. 2003; 
Hill et al. 2011) and several attempts have been made to 
parameterize  Dcpx−melt as a function of pressure (P), tem-
perature (T), and chemical composition of the clinopyroxene 
(Wood and Blundy 1997; Hill et al. 2011; Sun and Liang 
2012; Dygert et al. 2014—whenever cited in this paper, the 
corrigendum of Dygert et al. 2015 is included). Most stud-
ies agree that  Dcpx−melt is mainly controlled by temperature 
and the pyroxene composition (e.g., Hill et al. 2000, 2011; 
Olin and Wolff 2010). However, crystallization of melts on 
the Moon occurs at an oxygen fugacity (fO2), much more 
reducing compared to the Earth’s mantle, which may limit 
the validity of the aforementioned predictive models without 
verification.

The lunar mantle is significantly more reduced (given 
relative to the iron–wüstite buffer ΔIW–1, Sato 1976; Wad-
hwa 2008) than the current terrestrial mantle (~ ΔIW + 3, 
Mallmann and O’Neill 2009), so that Fe on the Moon occurs 
mainly as  Fe2+, and consequently, ferric iron  (Fe3+) is almost 
absent in lunar pyroxenes and melts (Herzenberg and Riley 
1970; Muir et al. 1970; Sato 1976). Moreover, Ti and Cr 
occur in different valence states  (Ti4+ and  Ti3+,  Cr3+ and 
 Cr2+; Papike et al. 1991). Additionally, the bulk silicate 
Moon (BSM) is significantly depleted in moderately (e.g., 
Na, K) to highly volatile elements (e.g., H, C) compared to 
the bulk silicate Earth (BSE; O’Neill 1991) and contains 
more Fe (9.4–10.9 wt% for BSM compared to ~ 8 wt% for 
BSE, Schwinger and Breuer 2022; McDonough and Sun 
1995) and  TiO2 (0.3 wt% BSM compared to 0.002 wt% BSE, 
Taylor 1982; McDonough and Sun 1995).

Only a few recent studies report  Dmineral−melt for minerals 
that are relevant for the evolution of trace elements in lunar 

melts, and that were generated experimentally at conditions 
relevant for the Moon (Dygert et al. 2013, 2014, 2020; Sun 
and Liang 2013; Snape et al. 2022). Furthermore, these 
studies report only  Dmineral−melt for selected trace elements 
(e.g., Snape et al. 2022: Rb, Sr, Sm, Nd, Lu, Hf, Pb, Th). 
The most recent study reporting plagioclase and pigeonite 
 Dmineral−melt only covers a limited range of temperatures and 
redox conditions (e.g., Dygert et al. 2020: fO2: IW, FMQ, 
T: < 1150 °C) whereas the T range for LMO crystallization 
spans between ~ 1800–1000 °C (e.g., Schmidt and Kraettli 
2022). Data for clinopyroxene grown at conditions relevant 
for the Moon cover a wide range of trace elements (Dygert 
et al. 2014), but Mg numbers (Mg#, molar Mg/(Mg + Fe)) 
of clinopyroxene are low (Mg# = 4.5–52) and are only appli-
cable to a very restricted episode in lunar evolution when Fe 
and Ti-rich phases started to crystallize (< 90% solidifica-
tion, Snyder et al. 1992, Supplementary Material Fig. S1).

In summary, there is currently no complete dataset of par-
tition coefficients for major mantle minerals such as clino-
pyroxene (cpx), pigeonite (pig), plagioclase (pl), and olivine 
(ol) at conditions relevant for the Moon. In order to address 
these issues, we performed experiments to determine new 
trace element partition coefficients  (Dmineral−melt) for clino-
pyroxene, low-Ca pyroxenes (orthopyroxene and pigeonite), 
olivine, and plagioclase with melt compositions and mineral 
compositions relevant for the Moon at pressures of 1 atm to 
1.5 GPa (clinopyroxene only) and at temperatures between 
1200–1310 °C. The new  Dmineral−melt enable a more realistic 
assessment of trace element fractionation during the evolu-
tion of the LMO and prediction of the urKREEP trace ele-
ment composition.

Experimental and analytical methods

Starting materials

The starting material compositions were chosen based on an 
experimental study of Rapp and Draper (2018), who simu-
lated the fractionation of the LMO from a BSM composition 
corresponding to the Lunar Primitive Upper Mantle (LPUM: 
Longhi 2003, 2006). To determine clinopyroxene-melt parti-
tion coefficients, we designed a starting material based on 
clinopyroxene and melt compositions of Rapp and Draper’s 
run (L-PC16), where clinopyroxene is in equilibrium with 
a silicate melt. Our starting material was created by using 
the aforementioned experiment, adding clinopyroxene and 
melt in a volumetric ratio of 2/3. Clinopyroxene saturation 
was ensured by adding extra CaO (i.e., 4 wt% of CaO for 
starting mix CHV-6B and 6 wt% for CHV-6C). Addition-
ally, starting material CHV-10 represents the major element 
clinopyroxene composition (L-PC16) reported in Rapp and 
Draper (2018). To determine  Dmineral−melt between olivine, 
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low-Ca pyroxene (pigeonite and orthopyroxene), and melt, 
the pigeonite and melt compositions from experiment CHV-
E281 (starting material CHV-10) were used and starting 
material CHV-PiM was prepared, using a volumetric pig/
melt of 1/2.

All starting materials were synthesized by mixing high-
purity reagent grade oxides and carbonates  (SiO2,  Al2O3, 
 TiO2, MgO,  Cr2O3,  CaCO3,  MnCO3,  K2CO3,  Na2CO3). To 
remove any unwanted hydroxide or carbonate, the MgO was 
fired at 1000 °C for 4 h and the fired powder was subse-
quently stored in a drying oven at 110 °C. The mixtures 
were homogenized under ethanol in agate mortars for 40 min 
and dried under an UV lamp, placed in a Pt-crucible and 
decarbonated in a box furnace at 1000 °C for 10 h, followed 
by another 40 min of grinding and mixing. Iron was added 
to the decarbonated mixture as hematite  (Fe2O3). Trace ele-
ments (Li, Sc, V, Co, Ni, Cu, Zn, As, Rb, Sr, Y, Zr, Nb, Mo, 
Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, 
Lu, Hf, Ta, Pb, Th, U) were added as standard solutions with 
concentrations of 1000 and 10,000 µg/g diluted in 5%  HNO3. 
The total trace element content in each starting composition 
(< 3000 µg/g) is within the Henry’s Law region (Prowatke 
and Klemme 2006b). The resulting Fe-bearing mixture was 
fused in a Pt-crucible at 1400 °C and reground and remixed. 
A small aliquot of each material (ca. 15 mg) was mounted 
on a Re-wire loop and fused in a vertical gas-mixing furnace 
at an fO2 corresponding to IW at 1400 °C. The resulting 
glass beads were embedded in epoxy resin, polished and 
carbon coated for electronprobe microanalysis (EPMA). The 
remaining starting material powders were stored in a desic-
cator. The chemical compositions of all starting materials 
are given in Table 1.

1‑atm gas‑mixing furnace experiments

Experiments at atmospheric pressure  (1-atm) were per-
formed in gas-mixing furnaces (Gero GmbH, Germany) 
in the experimental petrology laboratories at Universität 
Münster. We used the wire-loop technique (Donaldson et al. 
1975) and 0.2 mm thin Re-wires, because commonly used 
Pt-wire alloys with Fe at reducing conditions (Grove 1982). 

To mount the starting material onto the wires, about 30 mg 
starting material powder was mixed with polyethylene glycol 
and water. With the help of a homemade cylindrical Teflon 
mold, the powder slurry was pressed into pellets that con-
tained the metal wire loop. The loops were attached to a 
Pt-chandelier, which was slowly inserted into the cold zone 
at the top of the furnace, at T of ~ 200 °C below the liquidus. 
The CO-CO2 gas mixtures were then set to the required run 
conditions and after about 20 min the samples were care-
fully lowered into the hot zone of the furnace, ensuring that 
the appropriate gas-mixture was already flowing at a steady 
state through the furnace. The furnaces were programmed 
to reach a temperature of 50–100 °C above the liquidus 
 (Tmax, Table 2, cf., Rapp and Draper 2018) and samples 
were held there for 1 h. A ramp of 2 °C/h was chosen for the 
1-atm experiments, cooling the runs to the final run tempera-
ture (Table 2). This temperature  (Tfinal) was maintained for at 
least 40 h after which samples were quenched in air. Details 
of the individual runs are given in Table 2. Oxygen fugacity 
(IW to ΔIW–2) in the runs was induced using CO–CO2 gas 
mixtures and controlled by Tylan gas mass flow controllers.

High‑pressure experiments in the piston cylinder 
apparatus

In order to assess the effect of pressure and to collect data for 
volatile elements, we conducted two experiments on CH-V-
6C at 1.5 GPa, a pressure within the range of clinopyroxene 
crystallization predicted by LMO evolution models (e.g., 
Jing et al. 2022; Rapp and Draper 2018). The experiments 
at 1.5 GPa (GPC866, YPC568) were run in an end-loaded 
piston-cylinder apparatus (Boyd and England 1960). The 
starting materials were placed into graphite lined Pt-capsules 
and the latter were welded shut after having spent at least 
24 h in a drying oven at 110 °C. The graphite sleeves buffer 
the oxygen fugacity around 1.5 log units above the IW buffer 
at the chosen run conditions (Medard et al. 2008). The cap-
sules were inserted into ½ inch piston-cylinder assemblies 
consisting of two inner cylinders made of 6 mm O.D. crush-
able alumina. The inner parts of the assembly are surrounded 
by a graphite furnace (Schunk GmbH, Germany), an outer 

Table 1  Starting material compositions (wt.%) determined by EPMA, uncertainties given as 1ơ standard deviation in brackets

a Numbers in brackets correspond to number of analyses per glass
b PiM given as nominal composition
< DL for analysis below the detection limit

Starting material Na2O MgO Al2O3 SiO2 K2O CaO FeO TiO2 Cr2O3 MnO NiO Total

CH-V-6C (30)a 0.71(2) 10.15(5) 8.66(8) 42.73(11) 0.20(1) 19.21(12) 13.13(6) 1.93(8) 0.12(2) 0.24(1) 0.08(1) 97.17
CH-V-6B (30) 0.74(2) 10.22(5) 11.87(7) 42.15(12) 0.11(1) 17.22(10) 6.77(7) 7.46(32) 0.16(1) 0.22(1) 0.09(1) 97.00
CH-V-10 (20) < DL 14.01(10) 7.79(1) 50.08(20) < DL 13.67(15) 11.25(18) 0.55(1) 0.34(3) 0.35(2) 0.08 98.02
PiMb 0.83 14.41 8.3 51.49 0.23 10.18 11.77 0.66 0.4 0.32 < DL 98.6
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Duran glass cylinder (Schott, GmbH, Germany) and a talk 
sleeve. Calibration of the assembly has been performed 
using the quartz–coesite transition (Bose and Ganguly 
1995) and the  MgCr2O4 +  SiO2 =  MgSiO3 +  Cr2O3 reaction 
(Klemme and O’Neill 1997), which results in a friction cor-
rection of –13%. Based on our pressure calibration, quoted 
pressures are accurate within 0.07 GPa. Experimental run 
temperatures were monitored and controlled using a W–Re-
thermocouple (Type D) in conjunction with an Eurotherm 
controller (Schneider Electric, Germany). Experiments were 
quenched by shutting off the electric power. The experimen-
tal run conditions and phases present in the runs are given 
in Table 2.

All run products of the 1-atm experiments and Pt-cap-
sules from the high-pressure (high-P) runs were mounted in 
epoxy-resin and polished with a series of diamond pastes. 
The mounts were carbon-coated, examined with a scanning 
electron microscope, and minerals and quenched melts were 
analyzed quantitatively with EPMA (Fig. 1; Table 2).

Electronprobe microanalysis (EPMA)

Major and minor element compositions of minerals and 
quenched melts of the run products were analyzed using 
a JEOL JXA 8530 F Hyperprobe in wavelength-dispersive 
mode (WDS). Measurements on olivine, pyroxene, and sili-
cate glasses were performed using an acceleration voltage 
of 15 kV and a beam current of 15 nA. Plagioclase analyses 

were performed with a beam current of 10 nA. Glasses were 
analyzed with a defocused electron beam of 10–20 µm diam-
eter, whereas silicate minerals were measured with a beam 
diameter of 3–5 µm. Further details of the analytical protocol 
are given by Haupt et al. (2023). The matrix corrections 
were done using the φ(ρz) procedure (Armstrong 1991).

Laser‑ablation inductively‑coupled plasma mass 
spectrometry (LA‑ICP‑MS)

Analysis of trace elements

Trace element concentrations of minerals and quenched 
melts were analyzed in low resolution mode with  laser-
ablation inductively-coupled plasma mass spectrometry 
(LA-ICP-MS) using a pulsed 193 nm ArF excimer laser 
(Analyte G2, Photon Machines) coupled to an ElementXR 
mass spectrometer in several sessions. For trace element 
analysis an ablation rate of 10 Hz was used, measuring 
18 s on the background and 40 s on the peak with a wash-
out time of 20 s. Glasses were ablated using a spot size of 
65 µm and a spot size of 40 µm for silicate minerals. The 
following isotopes were analyzed: 7Li, 29Si, 43Ca, 45Sc, 47Ti, 
49Ti, 51 V, 53Cr, 55Mn, 59Co, 60Ni, 65Cu, 66Zn, 75As, 85Rb, 
88Sr, 89Y, 90Zr, 93Nb, 95Mo, 115In, 133Cs, 137Ba, 139La, 140Ce, 
141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159 Tb, 163Dy, 165Ho, 166Er, 
169Tm, 172Yb, 175Lu, 178Hf, 181Ta, 208Pb, 232Th, 238U. The 
well-characterized NISTSRM612 glass was utilized for 
standardization. Calcium was used as an internal standard 
element for high-Ca pyroxene and plagioclase, Si for low-
Ca pyroxene and olivine. Absolute element concentrations 
had been determined by EPMA beforehand (Supplemen-
tary Table S1). Trace element concentrations in the silicate 
glasses were determined using Ca as internal standard and 
double checked with Si, showing insignificant variations. 
As such, only the trace element concentrations of silicate 
glasses using Ca as internal standard element are reported 
in Supplementary Table S2. USGS reference materials BIR-
1G, BHVO-2G, and BCR-1G were measured as unknowns 
(secondary reference materials) every ~ 20 LA-ICP-MS spots 
to assess the analytical accuracy and precision of the meas-
ured trace element concentrations (reference concentrations 
and deviation of the measurements are given in Supplemen-
tary Table S4). The compositions of the standard and refer-
ence materials were attained from the GeoREM database 
(preferred values, Jochum et al. 2011).

Two isotopes of Ti were analyzed in almost all sessions 
(47Ti, 49Ti Supplementary Tables S2, 3), because 47Ti is 
potentially affected by an isobaric interference with double-
charged 94Zr. However, the calculated Ti concentrations 
using both isotopes are identical within reported uncertain-
ties, given  DTi are determined using concentrations based 
on 47Ti (Table 3).

Fig. 1  Back-scattered electron (BSE) images of experimental run 
products. a Idiomorphic clinopyroxene (cpx) with sector zoning (sec-
tors outlined by red dotted lines) and large homogenous plagioclase 
crystals (pl), b large, anhedral, homogeneous clinopyroxene crystals 
and circular laser ablation pits, c high-P experiment with clinopyrox-
ene-aggregates containing slight quench overgrowth and quenched 
melt, d clinopyroxene-pigeonite (pig) intergrowth and olivine (ol). 
1-atm runs were performed using Re-wire loops (Re in a, b, d). Note 
that all experiments contain large homogeneous quenched melt areas
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Potassium in medium resolution mode

Potassium, which is very incompatible in clinopyroxene, 
was analyzed using LA-ICP-MS  in medium resolution 
mode to resolve isobaric interferences with Ar isotopes. An 
ablation rate of 20 Hz was chosen and NISTSRM610 was 
used as a standard and Ca for internal standardization. Two 
experiments with CHV-6C starting material (CHV-E346, 
349) and two experiments with CHV-6B starting material 
(CHV-E227, CHV-E284) were analyzed (Supplementary 
Table S2). We only analyzed clinopyroxene, because other 
minerals were too small for the chosen spot sizes of 120 µm, 
which were necessary to attain a signal higher than back-
ground (Supplementary Tables S2, 3, 4). During each analy-
sis both, background and peak, were measured for 40 s with 
a washout time of 25 s. Isotopes 29Si, 39 K and 43Ca were 
analyzed during the session. NISTSRM612, 614 and USGS 
BIR-1G reference materials were measured each ~ 15 LA-
ICP-MS spots (secondary reference materials) to assess the 
quality of the K-measurements (Supplementary Table S4).

The averages of most analyzed trace elements diverge 
by < 5% from literature values. Especially for the high-res-
olution measurements of K in clinopyroxene the reproduc-
tion of K abundances in the reference material measured as 
unknowns (NISTSRM612, NISTSRM614: < 5% deviation 
from GeoRem preferred values; Supplementary Table S4) 
is good evidence for the quality of the measurements. Data 
reduction for LA-ICP-MS was done using the Glitter soft-
ware package (Jackson 2001).

Attainment of equilibrium

The attainment of equilibrium during our experiments is 
evaluated based on chemical compositions of the run prod-
ucts and textures. We chose run durations that are similar 
to durations reported in previous studies investigating trace 
element partitioning (e.g., Leitzke et al. 2016; Klemme et al. 
2006; Table 2). Low standard deviations of major and trace 
elemental analyses of minerals and quenched glasses suggest 
the attainment of equilibrium between minerals and melt. 
Note that this excludes the zoned clinopyroxene of experi-
mental run products CHV-E227 and 284, and clinopyrox-
ene with quench overgrowth rims in the high-P experiments 
(Fig. 1c). Quench rims were avoided during analyses.

The Fe–Mg exchange coefficients  (KD
Fe−Mg) between 

unzoned clinopyroxene and melt in this study, another means 
to assess the attainment of equilibrium (Putirka 2008), 
ranges between 0.15 and 0.29, which is in excellent agree-
ment with previous studies (Shepherd et al. 2022 and refer-
ences therein).  KD values increase with increasing melt CaO, 
decreasing melt  SiO2, logfO2, pressure, and temperature , 
in accordance with previous observations (Bédard 2010). 
Moreover, the sub- to euhedral morphologies of crystals 

in our runs also indicate equilibration. In the runs where 
olivine is present, olivine-melt  KD

Fe−Mg values also indi-
cate equilibration  (KD

Fe−Mg = 0.33: experiments using the 
CHV-PiM starting material;  KD

Fe−Mg = 0.26: experiments 
with CHV-10, Roeder and Emslie 1970; Mallik et al. 2019; 
Zhang et al. 2023). In this context, it is important to note 
that  KD

Fe−Mg is almost constant at about 0.3 in terrestrial 
basaltic systems, but it can vary significantly at lunar condi-
tions (Krawczynski and Grove 2012). This is particularly 
relevant for runs with starting material CHV-6B, which has 
high Ti contents (7.46 wt%  TiO2) and it is known that highTi 
reduces the activity of FeO in the melt (Krawczynski and 
Grove 2012).

Furthermore,  Dcpx−melt at 1200 °C and at atmospheric 
pressure were determined in multiple runs (runs CHV-E154, 
155, 156, 157 with starting material CHV-6C, Table 2). 
Major and trace element compositions are in excellent 
agreement (cf. Table 4, below and Supplementary Material 
Table S1–3), which is another strong argument for the attain-
ment of equilibrium during the experimental runs.

Iron loss

A few 1-atm pressure  experiments show minor Fe loss 
(1–2%) which was identified in the mass balance calculation 
(Table 2). The high-P experiments show 5–7% of Fe-loss, 
as Fe is known to alloy with the Pt capsule, and our graph-
ite liners (see experimental methods, above) apparently did 
not completely prevent Fe loss to the metal. However, the 
analyses of quenched melt and crystals show that phases are 
homogeneous throughout the run (Fig. 1c, Figure S2), and 
this enabled us to analyze trace element concentrations in 
both phases and to determine  Dcpx−melt.

Results

Macroscopic observations and EPMA analysis

The major element compositions of the analyzed phases 
are given in Table 3. Figure 1 shows back-scattered elec-
tron images of typical run products of our 1-atm and high-P 
experiments. Modal proportions were determined by mass 
balance calculations using the phases’ major element com-
positions. In the following we describe the macroscopic 
observations of the run products, sorted according to the 
starting material.

Starting material CHV‑6B

Two experiments were conducted using starting material 
CHV-6B at atmospheric pressure. These were run at 1200 °C 
and fO2 of IW–1 (CHV-E284) and IW–2 (CHV-E227: 
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Table 4  Trace element partition coefficients between silicate minerals (clinopyroxene: cpx, pigeonite: pig, orthopyroxene: opx, plagioclase: pl, 
and olivine: ol) and melt, trace elements in all phases were analyzed with LA-ICP-MS

Run ID T (°C) ΔIW Li Si Ca K Sc Ti V Cr Mn Co

Dcpx−melt

CHV-E424 1240 IW 0.11(3)a 1.17(2) 1.127(9) 2.0(2) 0.32(5) 3.4(7) 6(1) 0.36(2) 0.57(2)
CHV-E154 1200 − 1 0.08(3) 1.22(5) 1.283(7) 4.0(3) 0.54(9) 10(2) 14(5) 0.37(2) 0.90(5)
CHV-E155 1200 − 1 0.07(2) 1.28(2) 1.279(7) 4.0(5) 0.54(7) 9(3) 13(5) 0.38(2) 0.84(5)
CHV-E156 1200 − 1 0.06(1) 1.23(3) 1.279(7) 4.1(6) 0.58(7) 11(4) 17(10) 0.36(3) 0.89(8)
CHV-E157 1200 − 1 0.066(9) 1.22(2) 1.27(1) 4.7(6) 0.61(3) 14(4) 26(10) 0.33(2) 0.86(4)
Bulk_CHV-E15 1200 − 1 0.070(5) 1.24(1) 1.281(3) 0.0035(2) 4.2(2) 0.57(2) 11(1) 18(3) 0.360(8) 0.87(2)
CHV-E346 1200 − 1 0.005(6)
CHV-E349 1200 − 1 0.0035(2)
CHV-E281 1200 − 1 0.26(4) 1.1(1) 1.22(6) 1.16(8) 0.27(3) 3.7(2) 2.7(2) 0.8(1) 1.1(2)
CHV-E282 1200 − 1 0.28(2) 1.10(4) 1.10(5) 0.96(6) 0.21(1) 3.6(3) 2.6(1) 0.75(3) 1.29(6)
YPC_586 1310 + 1.5 0.15(2) 1.19(2) 1.17(1) 1.76(8) 0.30(3) 2.5(2) 12(1) 0.41(3) 0.9(1)
GPC_866 1310 + 1.5 0.14(2) 1.13(2) 1.09(1) 1.5(1) 0.25(2) 2.4(2) 12(2) 0.37(2) 2.0(7)
CHV-E227 1200 − 2 0.0008(4)
CHV-E284 1200 − 1 0.0030(8)
Dpig−melt

CHV-E281 1200 − 1 0.13(2) 0.8(2) 0.43(1) 0.39(2) 0.10(6) 1.40(1) 1.3(2) 0.73(7) 1.10(7)
CHV-E282 1200 − 1 0.217(1) 1.111(3) 0.29(3) 0.46(4) 0.102(8) 2.0(3) 1.88(7) 0.85(2) 1.93(7)
Dopx−melt

CHV-E421 1270 IW 0.18(1) 0.22(1) 0.42(1) 0.104(6) 0.91(4) 1.79(4) 0.98(2) 1.37(4)
Dpl−melt

CHV-E227 1200 − 2 0.26(6) 1.079(3) 1.08(5) 0.012(3) 0.018(4) 0.013(4) 0.024(3) 0.031(2)
CHV-E284 1200 − 1 0.27(3) 1.107(4) 1.12(1) 0.010(3) 0.010(2) 0.026(2) 0.035(7)
Dol−melt

CHV-E421 1270 IW 0.028(9) 0.16(2) 0.032(3) 0.055(7) 0.014(1) 0.12(1) 0.25(3) 0.15(2) 0.21(3)
CHV-E281 1200 − 1 0.33(1) 0.81(3) 0.0219(8) 0.18(2) 0.015(5) 1.0(2) 1.04(5) 0.82(1) 3.72(4)
CHV-E282 1200 − 1 0.30(1) 0.81(5) 0.024(2) 0.18(2) 0.015(6) 0.9(1) 1.03(6) 0.867(1) 4.3(1)

Ni Cu Zn As Rb Sr Y Zr Nb Mo Cs Ba

1.50(1) 0.090(6) 0.21(3) 0.11(4) 0.003(1) 0.12(4) 0.000919(7)
1.3(2) 1.3(5)b 0.3(1) 0.106(2) 0.096(7) 0.33(5) 0.31(8) 0.008(3) 0.6(3) 0.0011(1)
1.8(4) 1.9(5)b 2(1)b 0.096(7) 0.34(3) 0.30(5) 0.009(2) 0.6(2) 0.002(2)
1.3(2) 0.4(1) 0.095(7) 0.33(4) 0.32(6) 0.008(2) 0.7(4) 0.146(9) 0.0012(5)
1.1(2) 0.090(4) 0.33(2) 0.34(2) 0.011(2) 0.8(2) 0.0014(3)
1.36(9) 1.3(5)b 1.9(5)b 0.35(10) 0.106(2) 0.095(2) 0.33(1) 0.32(2) 0.0090(8) 0.66(9) 0.146(9) 0.0015(3)
1(1) 0.2(2) 0.05(1) 0.21(2) 0.03(2) 0.01(1) 0.01(1)
2.2(9) 1.1(2) 0.034(2) 0.165(9) 0.018(2) 0.0012(3) 2(1) 0.0007(1)

0.25(3) 0.9(3) 0.010(3) 0.118(6) 0.25(3) 0.14(3) 0.019(1) 0.04(1) 0.009(3) 0.011(5)
0.23(2) 1.9(4) 0.107(2) 0.19(2) 0.09(2) 0.003(1) 0.037(5) 0.0015(1)

0.7(9) 0.3(1) 1.4(7) 0.0131(7) 0.062(4) 0.016(2) 0.0063(4) 0.0047(8)
4(1) 1(1) 1.6(5) 0.0028(3) 0.045(4) 0.007(5) 0.002(1) 0.002(1)
3.0(1) 1.38 2(1) 0.0022(5) 0.042(5) 0.0039(5) 0.0020(6) 0.22(4) 0.00275(4)

6(4)b 4(1)b 3.2(9)b 1.21(4) 0.008(5) 0.007(4) 0.005(5) 0.15(2)
2.3(3)b 1.21(7) 0.004(3) 0.002(2) 0.003(4) 0.64(7) 0.13(2)

0.46(6) 0.489 0.16(7) 0.00031(9) 0.0050(4) 0.00056(8) 0.00015(5) 0.022(4) 0.0037(2) 0.000220(3)
7(9) 0.35(6) 0.0009(2) 0.006(1) 0.01(1) 0.0010(1) 0.0010(4)
11(4) 0.7(1) 0.0056(8) 0.0016(8) 0.0003(2)

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er

0.044(9) 0.07(1) 0.11(2) 0.14(3) 0.20(4) 0.16(2) 0.22(2) 0.22(3) 0.22(3) 0.22(3) 0.21(4)
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Fig. 1a). Both runs contain large homogeneous glassy areas 
(73–75%), with a basaltic composition. Mineral phases are 
sub- to anhedral large clinopyroxene crystals (500–1000 µm: 
20%) and acicular laths of plagioclase (4%). The clinopy-
roxenes are sector zoned  (Wo47-51En45-49Fs4.5–4.3), and were 
not analyzed for trace elements because zonation is an indi-
cator for local disequilibrium. Nevertheless, plagioclase 
(pl) crystals are homogeneous with 93.5 (CHV-E227) and 

98 mol% (CHV-E284) anorthite content and hence  Dpl−melt 
were calculated.

Starting material CHV‑6C

Three 1-atm experimental runs (42, 84, 120, Table 2) 
including seven individual experiments (CHV-E154, 155, 
156, 157 and 346, 349) were run at identical experimental 

a Errors on  Dmineral−melt were calculated by propagating the relative standard errors of the concentrations (Supplementary Material Methods). 
Melt contamination in a mineral analysis was monitored and filtered by checking carefully for elevated Rb and Cs, both being elements which 
are extremely incompatible in all analyzed silicate minerals
b Maximum partition coefficients due to evaporative loss of elements from the melts during the run

Table 4  (continued)

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er

0.07(1) 0.12(2) 0.17(3) 0.22(3) 0.31(6) 0.19(3) 0.35(6) 0.36(5) 0.36(6) 0.35(6) 0.34(5)
0.073(9) 0.12(1) 0.17(2) 0.23(2) 0.32(4) 0.19(3) 0.36(4) 0.37(3) 0.37(3) 0.35(4) 0.34(3)
0.073(7) 0.12(1) 0.17(2) 0.22(2) 0.32(4) 0.21(3) 0.35(4) 0.36(4) 0.36(4) 0.35(4) 0.33(4)
0.075(2) 0.119(2) 0.164(1) 0.22(2) 0.31(3) 0.182(8) 0.35(3) 0.38(2) 0.36(2) 0.35(3) 0.33(2)
0.073(2) 0.118(4) 0.167(7) 0.222(8) 0.31(1) 0.192(7) 0.35(1) 0.37(1) 0.36(1) 0.35(1) 0.34(1)
0.03(1) 0.05(1) 0.07(2) 0.10(2) 0.15(2) 0.08(2) 0.20(4) 0.21(2) 0.22(2) 0.22(3) 0.23(3)
0.016(2) 0.027(2) 0.046(3) 0.067(9) 0.10(2) 0.054(6) 0.14(1) 0.15(1) 0.16(1) 0.17(1) 0.17(1)
0.06(1) 0.09(1) 0.13(2) 0.17(3) 0.22(1) 0.21(2) 0.27(4) 0.27(2) 0.28(3) 0.27(2) 0.26(4)
0.042(4) 0.066(9) 0.09(1) 0.12(1) 0.17(2) 0.16(1) 0.20(2) 0.21(2) 0.21(2) 0.21(3) 0.20(2)
0.0101(7) 0.0122(1) 0.018(2) 0.024(3) 0.037(6) 0.029(4) 0.048(7) 0.054(5) 0.064(6) 0.064(5) 0.067(6)
0.0021(6) 0.004(1) 0.004(1) 0.008(2) 0.011(3) 0.009(3) 0.03(1) 0.030(3) 0.038(4) 0.047(6) 0.056(5)
0.0012(3) 0.003(2) 0.004(2) 0.004(1) 0.012(6) 0.006(1) 0.028(3) 0.029(4) 0.036(4) 0.043(4) 0.05(1)
0.026(4) 0.021(3) 0.021(6) 0.018(3) 0.017(7) 0.64(3) 0.016(5) 0.02(1) 0.009(3) 0.010(5) 0.012(5)
0.019(5) 0.017(6) 0.016(4) 0.014(5) 0.016(4) 0.57(4) 0.018(3) 0.009(5) 0.009(6) 0.007(3) 0.004(5)
0.00014(6) 0.00022(7) 0.0004(1) 0.0007(4) 0.0018(5) 0.0010(2) 0.004(1) 0.0036(9) 0.0048(6) 0.0048(6) 0.0066(1)
0.0006(4) 0.0009(5) 0.002(1) 0.0014(5) 0.00096 0.004(2) 0.006(3) 0.002(1) 0.005(1) 0.007(2) 0.010(2)
0.000182(2) 0.0006(3) 0.004(1) 0.0021(4) 0.0038(6) 0.005(1) 0.007(3)

Tm Yb Lu Hf Ta Pb Th U

0.19(3) 0.20(3) 0.20(3) 0.25(8) 0.007(4) 0.005(2) 0.005(2)
0.32(5) 0.31(5) 0.33(5) 0.7(2) 0.03(1) 0.011(3) 0.011(3)
0.33(3) 0.33(4) 0.35(3) 0.6(1) 0.027(1) 0.48(50) 0.014(4) 0.012(4)
0.31(4) 0.32(4) 0.33(3) 0.7(1) 0.03(1) 3(2)b 0.013(3) 0.011(3)
0.33(3) 0.310(6) 0.34(2) 0.75(5) 0.039(6) 0.015(2) 0.011(1)
0.32(1) 0.32(1) 0.34(1) 0.68(4) 0.031(4) 0.48(50) 0.013(1) 0.0114(9)
0.22(2) 0.21(4) 0.21(3) 0.07(2) 0.01(2) 0.4(6) 0.01(2) 0.01(2)
0.17(1) 0.168(9) 0.171(9) 0.040(4) 0.0013(4) 0.0019(4) 0.0021(1)
0.25(5) 0.25(3) 0.25(3) 0.28(5) 0.04(2) 0.04(1) 0.03(1) 0.020(1)
0.19(2) 0.18(2) 0.19(2) 0.20(5) 0.010(5) 0.035(1) 0.006(2) 0.0039(9)
0.066(6) 0.081(8) 0.080(4) 0.018(3) 0.0076(8) 0.1(2) 0.0065(5) 0.0082(7)
0.067(9) 0.07(1) 0.073(6) 0.008(3) 0.0012(2) 0.02(4) 0.001(1) 0.0010(8)
0.059(7) 0.06(1) 0.076(4) 0.009(3) 0.003(2) 0.0007(6) 0.001(1)
0.008(4) 0.010(5) 0.006(3) 0.006(4) 0.006(2) 5(4)b 0.006(4) 0.009(9)
0.006(6) 0.005(1) 0.003(2) 0.004(2) 0.01(1) 0.002(4) 0.002(3)
0.0071(7) 0.0084(7) 0.010(1) 0.0007(5) 0.00015(6) 0.0002(3) 0.00003(1)
0.013(3) 0.018(4) 0.023(3) 0.005(3) 0.002(2) 0.3(4) 0.00032(2) 0.0007(4)
0.012(3) 0.016(3) 0.023(2) 0.003(3) 0.0011(1) 0.00017(5)
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conditions. Further, one experiment was conducted at 
higher T  (CHV-E424), and two experiments at high-
P (YPC 586, GPC 866). Experiments of run 42 (CHVE-
154, 155, 156, 157: Fig.  1b) were run at atmospheric 
pressure, 1200 °C, and an fO2 corresponding to ΔIW–1. 
These runs were used to determine trace element concen-
trations and  Dmineral−melt (for details, see Supplementary 
Material). Experiments CHVE-346 and 349 were replicate 
runs to analyze K. To assess the effect of temperature, one 
experiment (CHVE-424) was conducted at 1240 °C and 
an fO2 of IW. Two experiments were conducted at high-P 
of 1.5 GPa and 1310 °C in graphite-lined Pt- capsules, 
which sets an upper fO2 limit of ~ ΔIW + 1.5 (Medard et al. 
2008). The run temperature was increased in these experi-
ments, compared to the 1-atm experiments, because of the 
P-effect on the liquidus. The clinopyroxene crystals in all 
runs including starting material CHV-6C are homogeneous 
and close to diopside  (Wo46-49En44-47Fs5-8, Supplementary 
Figure S1), melt fractions are > 50% and melts are homo-
geneous (Supplementary Table S3). Quench rims were 
observed only around clinopyroxene in the high-P runs 
(YPC568: Fig. 1c, GPC866: Supplementary Figure S2), 
which were avoided during major and trace element analy-
ses. In contrast to 1-atm pressure experiments, we did not 
average the results of the high-P experiments, because we 
observed different degrees of Fe-loss (Table 1, 5–7%), 
affecting melt and clinopyroxene composition and in turn 
affecting partition coefficients.

Starting material CHV‑10

Two experiments (CHVE-281, CHVE-282) were con-
ducted using starting material CHV-10 at atmospheric 
pressure, 1200 °C, and an fO2 of IW–1. The experiments 
contain 71–72% of homogeneous glass, small (10–20 µm) 
olivine grains (1.6–2%), and augitic clinopyroxene and 
pigeonite intergrowth aggregates of 100–200 µm diam-
eter. Experiment CHVE-282 contains two large grains of 
clinopyroxene and pigeonite (1000 µm in size: Fig. 1d). 
 Dmineral−melt were determined for all phases. Due to its 
size (~ 15 µm), pigeonite in run product CHVE-281 was 
measured only once, which inhibits a reasonable error 
assessment, whereas pigeonites in run CHVE-282 could 
be measured multiple times.

Starting material PiM

One experiment was conducted with the starting material 
CHV-PiM (CHV-E421, Table 2) at 1270 °C at an fO2 of IW, 
yielding small (~ 50 µm sized) crystals of olivine (7%) and 
enstatite  (Wo5En82Fs13: 5%).

Trace element compositions and partition 
coefficients

Partition coefficients between minerals and co-existing sili-
cate melt were determined by dividing the trace element 
concentrations in the mineral by the trace element concentra-
tion in the melt  (Dmineral−melt =  cmineral/cmelt), and the resulting 
partition coefficients are compiled in Table 4. The analytical 
results of all minerals and quenched melts are given in the 
Supplementary Material Tables S2 and S3. Element concen-
trations were determined by measuring crystals and glass 
(homogeneous quenched melt) multiple times, when crystal 
size was large enough.

Our dataset contains  Dmineral−melt for 36 trace elements for 
clinopyroxene, plagioclase, pigeonite, orthopyroxene, and 
olivine at lunar conditions, which complements the exist-
ing datasets (e.g., Dygert et al. 2013, 2014, 2020; Sun and 
Liang 2013; Leitzke et al. 2016; Snape et al. 2022). Figure 2 
depicts all of our new  Dmineral−melt, together with selected 
literature data and includes a detailed section of the  DREE.

Clinopyroxene, pigeonite, and orthopyroxene

Monovalent and divalent cations show similar partition 
coefficients for high-Ca and low-Ca pyroxenes (Fig. 2a, 
b). Potassium, Rb, and Cs are very incompatible in pyrox-
enes.  Dmineral−melt in runs at 1-atm are about one magnitude 
higher than in high-P experiments. Nevertheless, Rb and 
Cs  Dcpx−melt are most reliable in the high-P experiments 
 (Dcpx−melt = 0.01 and 0.009, respectively; Fig. 2a). We note 
that  Dcpx−melt for Cs, Rb, K, Mn, Pb, and also Cu, Zn, and 
As at atmospheric pressure are potentially too high because 
these elements are moderately to highly volatile (Sossi et al. 
2019) and may have escaped from the experimental melts 
during the runs. Hence, we conclude that these  Dmineral−melt 
for 1-atm experiments must be considered maximum values 
but they are nevertheless reported in Table 3. In Fig. 2, Li, 
K, Rb, Cs, Mn, and Pb are shown for comparison. In clino-
pyroxene, Li, Ba, Sr, As, U, and Th are the only elements, 
which become less incompatible with increasing pressure 
(e.g.,  DLi high P = 0.15,  DLi 1-atm = 0.07; Table 4). Potassium 
 Dcpx−melt are between 0.003–0.005 and should be regarded as 
maximum values, since the concentrations of K in analyzed 
clinopyroxenes are near the detection limit.

Dcpx−melt for monovalent and divalent ions affected by 
volatile loss are reliable in high-P runs (e.g.,  DPb = 0.037) 
as evaporation is not an issue in these runs. Compared to 
literature, our partition coefficients are similar or slightly 
lower. Divalent cations (Mn, Co, Ni, Sr, Ba and eventually 
Cu, Zn, Pb in high-P experiments) are the least incompat-
ible in clinopyroxene (Fig. 2a, Table 4).  Dcpx−melt for Mn, Co 
and Ni are about one order of magnitude smaller than those 
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reported by Dygert et al. (2014) for Fe-rich clinopyroxenes 
(cf. Supplementary Figure S1).

Our  Dcpx−melt for Mn, Co, and Ni overlap with data from 
Dygert et al. (2014) and these elements are compatible 
in clinopyroxene  (Dcpx−melt > 1). Chromium and V are 
especially sensitive to oxygen fugacity. Their high parti-
tion coefficients  (Dcpx−melt for Cr = 6–17 and  Dcpx−melt for 
V = 2–10, respectively) agree with data of experimental 
 Dmineral−melt at reducing conditions (Mallmann et al. 2021; 
Shepherd et al. 2022). Their compatibility decreases with 
decreasing Ca content of pyroxene (Fig. 2a, b; Supple-
mentary Table S3). The  Dmineral−melt of Ni in pyroxenes 
decrease from high-Ca pyroxene towards low-Ca pyrox-
ene (Fig. 2a, b). Compared with  Dcpx−melt determined at 
terrestrial conditions (i.e., high fO2, Blundy et al. 1998; 
McDade et al. 2003), the pattern of  DREE is very simi-
lar. Nevertheless, lunar  Dcpx−melt are lower than terrestrial 
 Dcpx−melt (Fig. 2a; Blundy et al. 1998 and McDade et al. 
2003) but generally agree with the data of Dygert et al. 
(2014). Snape et al. (2022) only published  Dmineral−melt 

for Sr, Pb, Rb, Sm, Nd, Lu, Hf, U, and Th which are all 
similar or lower than our data.  DREE for low-Ca pyrox-
ene have a similar pattern to high-Ca pyroxene but  DREE 
are generally up to two magnitudes lower (e.g.,  DPr: 0.1 
in cpx, 0.004 in opx; Fig. 2b, Table 4).  Dpigeonite−melt of 
CHV-E281 are higher, than CHV-E282 and lower than 
 Dcpx−melt, which could indicate a mixed analysis or small-
scale zonation (Figs. 1d, 2b).  Dcpx−melt of tetravalent high-
field strength elements (Ti, Zr, Hf) of our study are highest 
in clinopyroxene CHV-E15 (0.5, 0.3, and 0.7 respectively) 
and lowest in clinopyroxene of CHV-E282 (0.21, 0.018, 
0.0395), whereas Th, U, Nb, and Ta are more incompat-
ible than in all previous studies (Fig. 2a).  Dcpx−melt are 
systematically lower in the high temperature experiment at 
ambient pressure (CHV-E424) than in both high-P experi-
ments. HFSE show a similar partitioning behavior in low-
Ca pyroxenes compared with high-Ca pyroxenes, where 
Ti is the most compatible HFS element  (Dpx−melt = 0.01; 
Fig. 2b), followed by  DZr and  DHf > 0.001.

Fig. 2  Experimental and literature  Dmineral−melt sorted by mineral and 
valence (1+ , 2+ , 3+ , 4+ , 5+) of the trace elements plus a detailed 
section showing  DREE. Red dotted lines correspond to  Dmineral−melt = 1. 
a  Dcpx−melt from this study (brown diamond: CHV-E15, yellow dia-
mond:  CHV-E282, and high-P experiment in  blue:  YPC586). high-
Ca pyroxene (RD-L-PC16_2/_3a) from Snape et al. (2022), T1_20Ti 
and T1_0TiREE at IW–1.6 from Leitzke et al. (2016), partition coef-
ficients of unzoned high-Fe clinopyroxenes at 1050 and 1150  °C 
from Dygert et  al. (2014). b  Dpx−melt from this study (colored dots 
are pigeonite CHV-E281/82 and orthopyroxene CHV-421) plot-

ted with literature data (orthopyroxene A15GG210 and A15Y from 
Sun and Liang 2013; pigeonite TJ-TWM-S9_2a and TJ-TWM-
S9_2b from Snape et al. 2022, pigeonite Eu14-17 from Dygert et al. 
2020), c  Dpl−melt of this study (CHV-E227, 284) and literature data 
(Snape et  al. 2022: RD-L-GM25_12 and TJ-TWM-S9_2a; Dygert 
et al. 2020: Eu1412a, Eu1413, Eu1417; Aigner-Torres et al. 2007: 35 
and 36 where fO2 = IW and in air, respectively), d  Dol−melt from this 
study (CHV-E281/82, and 421) with literature data (Chen et al. 2022: 
15016-Ol10 and 15647-Ol6, Dygert et al. 2020: Eu14-12a, Eu14-17)
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Plagioclase

Monovalent ions are slightly incompatible in plagioclase. 
Lithium is the least incompatible element in plagioclase 
 (Dpl−melt = 0.26; Fig. 2c; Table 4) and  Dpl−melt for divalent 
elements Mn, Co, and Ni agree with those of Dygert et al. 
(2020). The high  Dpl−melt for Pb could indicate Pb-loss and 
the value has to be taken with caution.  Dmineral−melt of Sc, V, 
Cr, and Y are lower than literature values (Fig. 2c). In pla-
gioclase, all REE are very incompatible (D < 0.01; Fig. 2c) 
with the exception of Eu  (DEu = 0.57–0.64), which can enter 
the plagioclase structure as  Eu2+ under reduced conditions 
(e.g., Dygert et al. 2020). The data show, that the proportion 
of  Eu2+ entering plagioclase increases with decreasing fO2 
(at ΔIW–2  Dpl−melt = 0.64). In experiments performed in air 
(Aigner-Torres et al. 2007), the  DEu is very similar to other 
REE (Fig. 2c). In plagioclase,  Dpl−melt of REE as well as 
tetravalent and pentavalent ions are similar to Dygert et al. 
(2020) and Snape et al. (2022) and lower than the values of 
Aigner-Torres et al. (2007) (Fig. 2c).

Olivine

Experimental  Dol−melt (e.g., CHV-E281, Table 3) have large 
propagated uncertainties. This results mainly from very low 
concentrations of the trace elements in theolivine crystals. 
Small crystal sizes allowed not more than four analyses per 
olivine grain (Supplementary Table S4). The data underlines, 

that monovalent ions are moderately to highly incompatible 
in olivine (Fig. 2d).  Dol−melt of divalent ions scatter across up 
to more than one magnitude between the experiments at dif-
ferent temperatures and starting materials (CHV-E281/282 
and CHV-E421; Fig. 2d, Table 2). The divalent elements 
Mn, Co, and Ni in experiments CHV-E281/82 range from 
moderately incompatible to compatible, whereas they are 
incompatible in experiment CHV-E421 (e.g.,  DCo = 3.72 
and 0.21, respectively; Fig. 2d). Strontium, Ba, and Pb are 
very incompatible in olivine  (Dmineral−melt < 0.01).  DPb for 
olivine must be regarded as a maximum value. Scandium, 
Cr, V, and Y  Dol−melt of our experiments are similar to the 
values of Chen et al. (2022) and Dygert et al. (2020).  Dol−melt 
of light REE are higher, than in the experiments of Dygert 
et al. (2020). Middle and heavy REE partition coefficients 
overlap with the data of Chen et al. (2022) for natural lunar 
olivine-glass pairs and experimental data of Dygert et al. 
(2020).  Dol−melt of the tetravalent and pentavalent elements 
are very low  (Dol−melt < < 0.001; Fig. 2d, Table 4) and for all 
elements but Th, the  Dol−melt in experiment CHV-E421 are 
lower than in experiments CHV-E281 and 282.

Controls on  Dmineral−melt

The effects of pressure, temperature, mineral and melt chem-
istry on trace element partitioning are correlated (Blundy 
and Wood 1994; Wood and Blundy 1997; Hill et al. 2000, 
2011; Prowatke and Klemme 2006a) and hard to disentangle. 

Fig. 2  (continued)
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As such, the applicability of predictive trace element par-
titioning models (e.g., Sun and Liang 2012, 2013; Dygert 
et al. 2014) is often limited within their calibration range 
(cf. Supplementary Figures S3, S4, S5). The compatibil-
ity of a trace element with a mineral depends on the size 
of a crystal structural site, the charge of the element, and 
the bond force (Goldschmidt 1937). The size of the crystal 
structural site itself depends on pressure and temperature: 
At high pressures, a site will be compressed, meaning that 
the  Dmineral−melt of most trace elements will decrease with 
increasing pressure (McDade et al. 2003). Temperature, has 
a similar effect, due to a positive entropy of fusion, as tem-
perature increases (Wood and Blundy 1997).

Crystal-chemical controls on partition coefficients are 
described with the lattice strain model (Brice 1975; Blundy 
and Wood 1994). The partitioning of an element i with an 
ionic radius  ri into the crystallographic site with an effective 
radius  r0 can be described if we know the strain-free parti-
tion coefficient  (D0) for  ri =  r0 and E = the effective elasticity 
of the given site:

where NA is the Avogadro’s number, T the temperature (K) 
and R the gas constant (8.3144 J  mol−1  K−1). The formula 
describes a near-parabolic dependence of the partition coef-
ficient  Di on the radius  ri of the corresponding site (e.g., 
M1 and M2 in clinopyroxene). This relation can be used 

(1)D
i
= D0 × exp

(−4�ENA((
r0
2 )(ri−r0)

2
+( 1

3 )(ri−r0)
3))

RT

to construct so-called Onuma diagrams using linear least 
squares regression on E,  D0, and  r0 for isovalent cations 
(Onuma et al. 1968).

We fitted parabolas for 3+ ions  (DREE+Y) for clinopy-
roxene, pyroxene, plagioclase, and olivine and parabolas 
for 2+ cations (Mn, Ca, Sr, Eu, Ba) for clinopyroxene and 
plagioclase. The quality of lattice strain model fits may be 
taken as an additional evidence for the data quality (Fig. 3; 
Supplementary Figures S6 and fitting parameters in Sup-
plementary Table S5).

Clinopyroxene

Besides the good fit of the REE + Y on the lattice strain 
Onuma fit for 3+ ions on M2, we note a slight positive off-
set of  DLu in all experiments (Fig. 3a), which might origi-
nate from the compatibility of Lu with not only the M2, 
but also the M1 site. In the literature, it has been discussed 
that HREE can be compatible with both sites. This has been 
linked to a low Mg# (4.5–52) of the clinopyroxene (Olin 
and Wolff 2010; Dygert et al. 2014). However, the Mg# 
of our clinopyroxenes are significantly higher than clino-
pyroxene in the aforementioned studies (Mg# = 84–90; see 
also Supplementary Figure S1, where all pyroxenes of this 
study, including data of Dygert et al. (2014) are plotted) 
and we conclude that this could be a general feature of Lu 
in clinopyroxene.

Fig. 3  Partition coefficients for REE + Y and divalent ions (Co, Mn, 
Ni, Zn, Pb, Ca, Eu, Sr, Ba) for clinopyroxene (a, b,  respectively) 
and for REE + Y for orthopyroxene and pigeonite (c), all plotted as 
a function of ionic radii (Shannon 1976). Dashed parabolas are lat-
tice strain fits, calculated by linear least squares regression. Red dots 
correspond to data points, that were not included into the fits (e.g., 

Eu). Cobalt, Ni, Zn, and Pb are also not included into the fits, as they 
might enter the M2 side in clinopyroxene. Lattice strain model fits for 
plagioclase and olivine and the fitting parameters  (D0,  r0, and E) can 
be found in the supplementary material (Supplementary Figure  S6, 
Supplementary Table S5)
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The existing parametrizations for clinopyroxene of Sun 
and Liang (2012) and Dygert et al. (2014) based on the frac-
tion of Al on the tetrahedral site and the fraction of Mg on 
the M2 site  (XivAl and  XMG

M2) show a clear mismatch to 
our experimental dataset (Supplementary Figures S3, S4). 
This underlines the necessity of experimental studies like 
the one at hand.

Effect of pressure

Our  Dcpx−melt show that the incompatibility of most trace 
elements increases with pressure (McDade et al. 2003). This 
is in general agreement with our observation that  Dcpx−melt 
for the REE from our 1-atm pressure experiments are gen-
erally higher, than data from the high-P (1.5 GPa) runs 
for the same starting material (cf. Figs. 2a, 3a, b; e.g., for 
CHV-E15 and YPC 586  DGd = 0.35 and 0.27, respectively). 
Sun and Liang (2012) suggest, that the effect of pressure 
on REE + Y partitioning between clinopyroxene and melt 
is minor. They argue that the clinopyroxene composition 
(e.g., Al and Mg in clinopyroxene) and temperature are the 
major factors controlling trace element partitioning. This 
might also be true for most of our investigated elements, 
since compositions of clinopyroxenes in 1-atm and high-P 
experiments vary slightly due to Fe-loss in the high-P exper-
iments. In contrast,  Dcpx−melt for elements like Li, Ba, As, Sr, 
Th, and U are higher at higher P (Table 4), and this is clearly 
linked to the clinopyroxene composition. For example, for Li 
 Dcpx−melt it is known, that at higher pressures (1.5 GPa runs) 
the jadeite solubility in clinopyroxene increases. This conse-
quently increases the solubility of monovalent elements like 
Li (McDade et al. 2003), which has a smaller ionic radius 
(0.76 Å instead of 1.02 Å: Shannon 1976).

Effect of temperature

High temperatures favor the enstatite solubility in diopside, 
which in turn reduces the size of the M2 site of clinopy-
roxene (McDade et al. 2003).  D0 of REE linearly decrease 
with increasing temperature (Sun and Liang 2012), which is 
also seen in our lattice strain model fit parameters  (D0 = 0.22 
and 0.36 for 1240 and 1200 °C, respectively; Supplementary 
Table S5). Hence, the  Dcpx−melt of elements preferring the 
M2 sites of clinopyroxene, such as the REE (ionic radius 
La–Lu: 1.16–1.032), decrease with increasing temperature 
(Fig. 2a). The effect of temperature strongly enforces the 
effect of pressure in our experiments, since temperatures in 
high-P runs were also raised (Table 2), due to the shift of 
the liquidus at high pressures. The REE partition coefficients 
of REE + Y and 2+ ions of the high temperature experiment 
overlap with high-P data (Fig. 3a, b), which underlines the 
competing effects of temperature, pressure, and composition.

Effect of  fO2

The  Dcpx−melt (for terrestrial conditions) determined by 
McDade et al. (2003) and Blundy et al. (1998) are one mag-
nitude higher than  Dcpx−melt that were determined at much 
more reducing lunar conditions in this study (Fig. 2a), 
although P and T at least of our high-P experiments are simi-
lar. The low fO2 of our experiments will mainly influence 
the oxidation state of Fe (mostly present as  Fe2+) and this 
will influence other major element substitutions linked to Fe. 
Fe is mainly hosted by the M1 site in the clinopyroxenes of 
our experiments. If  Fe2+ substitutes for  Mg2+ in its low-spin 
state (radii = 0.72 and 0.61 A, respectively), as suggested 
by Dygert et al. (2014), the M2 site of clinopyroxene will 
become larger and hence this site will better accommodate 
ions that normally partition into the M2 site, such as the 
REE. The overlap between our data and Dygert et al. (2014), 
who investigated clinopyroxene which is chemically very 
distinct from ours (Supplementary Figure S1), could origi-
nate from the effect of pressure, which potentially decreases 
their partition coefficients. Consequently, we suggest, that 
REE partition coefficients for more Fe-enriched clinopyrox-
enes at conditions similar to our experiments could be even 
higher, than our  Dcpx-melt. This highlights the need to under-
stand the correlations between pyroxene chemistry and trace 
element  Dmineral−melt (cf. Correlation Matrix Supplementary 
Figure S7).

Chemical controls on  Dcpx−melt

Most trace element  Dcpx−melt for trivalent ions correlate well 
with the proportion of Al on M1 and Al on the tetrahedral 
side  (XIVAl) of clinopyroxene (Supplementary Figure S7), 
because the trace element substitution into the clinopyroxene 
structure is coupled to Al (Hill et al. 2000). Smaller cations, 
such as the HFSE and Lu, can enter the M1 site, and are 
consequently strongly correlated with  XivAl, indicating a 
coupled substitution: If an  Al3+ substitutes for  Si4+ on the 
tetrahedral site, this will create a charge deficiency, which 
might be compensated by a charge transfer to the M1 site 
(Hill et al. 2000).

The correlation between  DLu as an HREE with  XIVAl 
(Supplementary Figure S7) is a strong indicator that  Lu3+ 
can occupy both the M2 and the M1 site (Fig. 3a). This is 
especially relevant for clinopyroxene enriched in  Fe3+ but 
the proportion of HREE on the M1 decreases with increas-
ing  XIVivAl and  Mg2+ (Baudouin et al. 2020) and hence 
the effect in our data is not very pronounced. Contrasting 
3+ ions, the substitution of 2+ ions into the clinopyroxene 
lattice does not require charge balance. This is underlined 
by the fact that e.g., the  XIVAl in clinopyroxene does not 
correlate with  DSr (Supplementary Figure S7).



Contributions to Mineralogy and Petrology          (2024) 179:45  Page 15 of 23    45 

The correlation of  DHFSE with Fe and between Fe and Ti 
on the M1 side of clinopyroxene suggests that the compat-
ibility of REE and HFSE increases with an increasing heden-
bergite component in clinopyroxene (Dygert et al. 2014). In 
lunar clinopyroxene, where Fe is present only as  Fe2+,  Fe2+ 
and  Mg2+ compete for the same site (Supplementary Fig-
ure S7).  Dcpx−melt of light REE (La, Sm, Nd), however, are 
negatively correlated with Fe (Supplementary Figure S7). 
The hedenbergite component in clinopyroxene increases the 
compatibility of HREE and HFSE, but seems to decrease 
the compatibility of larger REE ions entering the M2 site.

In the compiled clinopyroxene data ivAl and  DTi are 
only weakly correlated  (R2 = 0.4; Supplementary Fig-
ure S7, Fig. 4c), which seems in contradiction with litera-
ture (e.g., Hill et al. 2000). This could be a consequence 
of the fact, that Ti in our experimental runs is not a trace 
element but a minor element (0.5–1.5 wt%  TiO2). The cor-
relation matrix implies a strong linear correlation between 
 QTiSi  (QTiSi =  [TiO2

mineral*SiO2
melt]/[TiO2

melt*SiO2
mineral]) 

and  Dcpx−melt of the HFSE Supplementary Figure S7 and 
Fig. 4). In high-Ti melts (e.g., CHV-6B and high Ti com-
positions in Leitzke et al. 2016),  Dcpx−melt for Hf and Lu are 
comparatively low (Fig. 4a, b). We suggest that a relatively 
high abundance of  TiO2 in a melt decreases the activity of 
HFSE in the melt and this will decrease  DHFSE because less 
HFSE will partition into the coexisting minerals. Similarly, 
if  TiO2 in the clinopyroxene is relatively high, compared to 
the melt.  DHFSE will be high, since the HFSE will “follow” 
the Ti. This behavior is expressed by the newly defined  QTiSi 
(Fig. 4). Data for experiments on composition CHV-6B and 
for high-Ti melts and clinopyroxene in Leitzke et al. (2016) 
suggest that clinopyroxene accommodates a maximum of 
about 2–3.5 wt%  TiO2, whereas a coexisting melt can con-
tain up to 12 wt% of  TiO2 without crystallizing any other Ti-
containing mineral phase (Leitzke et al. 2016). We infer that 

until saturation of clinopyroxene in terms of Ti is reached, 
 Dmineral−melt for all similarly behaving ions, like  DHf and  DLu 
will be elevated, as suggested by Mysen et al. (1980) and we 
conclude that the highest  Dcpx−melt for HFSE are found in 
bulk compositions with 2–4 wt%  TiO2 (composition CHV-
6C, and Dygert et al. 2014). It is interesting to note that 
at ~ 3.5 mol%  TiO2 (corresponding to 4.4 wt%) the silicate 
melt network begins to depolymerize, which will also influ-
ence the capability of the melt structure to incorporate Ti 
and HFSE (Mysen and Neuville 1995).

Overall, our new data underline the effect of  XIVAl on 
 Dcpx−melt (Dygert et al. 2014), where small radius ions com-
pensate for the charge balance and partition preferentially 
into M1. Nevertheless, the predictive models for trace ele-
ment partition coefficients based on ivAl fail to predict our 
data (Supplementary Figures S3, S4). Similarities between 
our clinopyroxene dataset and Dygert et al. (2014) indicate 
that temperature, Fe content, and  XIVAl in clinopyroxene 
are the most important factors controlling  Dcpx−melt but pre-
dictive models do not yet account for all these parameters. 
Titanium distribution between silicate and melt seems to be 
an additional factor that should be considered in order to 
describe and predict the partitioning behavior of HFSE (cf. 
Mysen et al. 1980, 1995).

Pigeonite and orthopyroxene (low‑Ca pyroxenes)

In contrast to Dygert et al. (2020) and Sun and Liang (2013), 
we see a pronounced negative  DEu anomaly in all experi-
ments with low-Ca pyroxenes at reducing conditions, which 
is caused by the incorporation of  Eu2+ into pyroxene. Lat-
tice strain parameters for our  Dpigeonite−melt diverge from 
the data of Dygert et al. (2020) (Supplementary Table S5) 
as  D0 is very sensitive to the major element composition 
 (XWoEnFs = 9.5–10.5, 75–78, and 12.4–15 in our data vs. 11, 

Fig. 4  Correlation between( 
 QTiSi and  Dcpx−melt (a: Lu, b: Hf) 
and between Ti  Dcpx-melt and 
 XivA (c) and Mg# (d). Data 
from Dygert et al. (2014) (left 
pointed triangles: Dy2014), 
Snape et al. (2022) (black 
crosses: Snape2022), Leitzke 
et al. (2016) (white crosses: 
Leitzke2016), Hill et al. (2000, 
2011) (grey and white triangles: 
Hill et al. 2000, 2011), Blundy 
et al. (1998) (grey circle: 
Blundy1998), McDade et al. 
(2003) (beige circle: McD2003). 
Diamond depicts values of this 
study as in Fig. 2
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65, 24 for Eu14-17 in Dygert et al. 2020) and temperature. At 
lower temperatures and fO2 (1125 °C and FMQ, Dygert et al. 
2020),  DREE are less incompatible in pigeonite. The differ-
ence within our pigeonite data could be a result of pigeonite 
chemistry in CHV-E281 and 282  (Wo10-9En75-78Fs15-12). The 
E of CHV-E281 pigeonite (E = 327.8 GPa) is similar to E of 
orthopyroxene of Sun and Liang (2013) (E = 193–295 GPa). 
Due to the broad mismatch of our pigeonite and orthopy-
roxene fitting parameters with the data of Sun and Liang 
(2013), it is not surprising that their parameterized model 
fails to predict the partition coefficients of our study (cf. 
Supplementary Figure S5 for HFSE).

Plagioclase

The comparison of our data with the data of Aigner-Torres 
et al. (2007) shows, that  DREE between plagioclase and melt 
depend on fO2 (experiment 36 of Aigner-Torres et al. was 
performed at ΔIW + 11.5 and 35 at IW) and potentially also 
on the anorthite component in plagioclase (molar fraction 
of anorthite: 74–77 in Aigner-Torres et al. 2007, instead of 
94–99 in this study and Dygert et al. 2020) as discussed by 
e.g., Blundy and Wood (1991) and Sun et al. (2017). Parti-
tion coefficients of trace elements between plagioclase and 
melt increase with fO2 being more oxidizing. Our lattice 
strain fit parameters for the divalent ions (Supplementary 
Figure S6; Supplementary Table S5) agree well with data 
from Dygert et al. (2020) and Sun and Liang (2017). Com-
paring our data with Dygert et al. (2020), we find that the 
temperature effect on partition coefficients is minor (1200 °C 
in our experiments and 1100 °C in Dygert et al. 2020).

Olivine

We present a large dataset for olivine-melt trace element 
partition coefficients at reducing conditions, which will 
be essential for modeling trace element evolution in a 
magma ocean, such as on the Moon. The lattice strain 
model fits show that  D0 for 3+ ions  (DREE + Sc) increase 
with decreasing temperature  (D0 = 0.06 and 0.19–0.27, 
Supplementary Table  S5). Scandium and the light 
REE are more compatible in olivine that crystallized at 
1200 °C (CHV-E281/82), than at 1270 °C (CHV-E421). 
The Li partition coefficient is one magnitude higher in 
low-T olivine, compared to high-T olivine  (DLi = 0.3 vs. 
0.03). Natural lunar olivine data from Chen et al. (2022) 
for olivine-melt inclusion partitioning are similar to our 
low-T partition coefficients.  DLi does not depend on oli-
vine Mg# in our experiments (forsterite proportions of 
0.84–0.85 in all experimental olivine), as was proposed by 
Chen et al. (2022). The  DV and  DCr at 1200 °C are about 
half a magnitude higher, than data for olivine crystallized 
at 1270 °C (0.9 and 1.04 to 0.12 and 0.25, respectively), 

which will significantly influence the trace element com-
positions of the melts from which olivine crystallizes dur-
ing almost the entire crystallization sequence of the LMO 
(Schmidt and Kraettli 2022).

Application of Dmineral−melt to lunar magma ocean 
modeling

Given the aforementioned effects of T, P, and fO2, choos-
ing the appropriate trace element  Dmineral−melt is extremely 
important for modeling the trace element and isotopic evolu-
tion in the cooling LMO. Here, we investigate how our new 
set of  Dmineral−melt affects the trace element composition of 
a crystallizing LMO.

Bulk silicate Moon compositions and experimental 
solidification sequences

Several previous studies investigated the crystallization 
sequence of the LMO by either applying thermodynamic 
modeling (Snyder et al. 1992; Elkins-Tanton et al. 2011; 
Johnson et  al. 2021) or high-pressure high-temperature 
experiments (Elardo et al. 2011; Lin et al. 2017; Charlier 
et al. 2018; Rapp and Draper 2018; Schmidt and Kraet-
tli 2022; Jing et al. 2022). We use two of the most recent 
experimental studies that used endmember lunar mantle 
compositions (i.e., Rapp and Draper (2018): “Lunar Primi-
tive Upper Mantle” of J. Longhi (LPUM) and Schmidt and 
Kraettli (2022): Taylor Whole Moon (TWM)). The chemi-
cal differences of these two bulk compositions of the LMO 
affects the sequence of minerals crystallizing from the LMO 
with falling temperatures. This becomes especially impor-
tant when the LMO has undergone significant crystalliza-
tion (i.e., > 70 vol percent crystallized solid”-PCS). The 
differences are further visualized in Fig. 5a, b. Both studies 
assume that the lunar mantle was completely molten with an 
initial depth of the LMO of ~ 1200 km.

Both crystallization sequences (Fig. 5a, b) crystallize oli-
vine first, followed by varying amounts of orthopyroxene. 
In sequence 1 at about 70 PCS, the mineralogy of the pre-
cipitate is dominated by plagioclase and clinopyroxene and 
minor amounts of olivine and spinel (Fig. 5a). Clinopyrox-
ene dominates until ~ 90 PCS and plagioclase and pigeonite 
dominate until 99.5 PCS. In the last fractionation step, 
pigeonite is replaced by clinopyroxene and crystallizes with 
plagioclase and traces of olivine, pigeonite, ilmenite, quartz, 
together with 2 vol% of apatite. In the Schmidt and Kraettli 
(2022) crystallization sequence (sequence 2; Fig. 5b) Cr-
spinel is the first phase after olivine and orthopyroxene, 
appearing at ~ 53 PCS. Clinopyroxene appears after 69 PCS, 
and no pigeonite is present. Plagioclase crystallizes after 74 
PCS, followed by Ti-rich spinel (ulvöspinel-ulv) after 93 
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PCS. No ilmenite occurs, neither does apatite. Only traces 
of quartz appear in the last percent of the crystallizing LMO 
(Schmidt and Kraettli 2022).

Modeling the isotopic evolution during the cooling 
of the lunar magma ocean

To model the trace element evolution of the solidifying 
LMO, we assume that the initial trace element composition 
of the LMO was chondritic (e.g., Rapp and Draper 2018; 
using CI of McDonough and Sun 1995). We use a model that 

Fig. 5  Mineral precipitates (cumulates  with modal mineralogy in 
vol%) from the LMO based on experimentally determined sequences 
of different bulk silicate Moon compositions and isotopic evolution 
of the remaining melt upon cumulate fractionation from the LMO. a 
LPUM (Longhi 2003, 2006) conducted by Rapp and Draper (2018) 
and b TWM (Taylor 1982) by Schmidt and Kraettli (2022). Both 
crystallization sequences a, b show that olivine (ol) crystallizes first, 
followed by different amounts of orthopyroxene (opx). Sequence 2 
crystallizes very small amounts of spinel  (sp). At about 70% crys-
tallization (percent cystallized solid, PCS) variable amounts of pla-
gioclase (pl) and clinopyroxene (cpx) and/or pigeonite (pig) begin 
to precipitate. Sequence 1 (Rapp and Draper, a) crystallizes addi-
tional traces of ilmenite (ilm), quartz (qu), and apatite after 97 PCS, 
whereas sequence 2 (Schmidt and Kraettli, b) crystallizes clinopy-
roxene, plagioclase, minor amounts of fayalite, and finally ulvöspinel 
(ulv) from 90 PCS onwards, together with very small modal amounts 
of quartz (qu). Note that none of the sequences reaches 100 PCS. 
Color coding  as follows: green  =  olivine; olive green  =  orthopy-
roxene; yellow  =  clinopyroxene; blue  =  plagioclase; pink  =  Fe-Ti 

oxides; rose-pigeonite; bright yellow  =  apatite; black  =  spinel; 
brown = ilmenite; grey = quartz. c–f calculated isotopic evolution of 
176Lu/177Hf (Fig. 5c + d) and 147Sm/144Nd (Fig. 5 e + f) of the residual 
liquid of the LMO based crystallization sequences (a, b) covering 
15–100 percent solidification (c, e) and 80–100 percent solidification 
(d, f). Details of the calculations are given in the text and in the sup-
plementary material (Methods and Table  S6). The brown evolution 
line (R&D2018) corresponds to sequence 1; calculations were per-
formed using diopside and augite (diop + aug). Two evolution lines 
after Schmidt and Kraettli (2022) for 176Lu/177Hf and 147Sm/144Nd 
with either purely diopside (green lines) or diopside and augite (blue 
lines). Note the isotopic signature of urKREEP (d + f grey shaded 
area) reservoir is inferred from natural samples (Borg et  al. 2009, 
2020; Gaffney and Borg 2014; Edmunson et  al. 2009) (d) yellow 
triangles give the trend in 176Lu/177Hf if significant amounts of addi-
tional apatite (20–30 vol%) and plagioclase (80–70 vol%) crystallize 
(d). The spread in 147Sm/144Nd is minor, only the scenario with 23% 
ap + 77% pl is shown. See text for details
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considers equilibrium fractionation until < 50 PCS, followed 
by fractional crystallization until full solidification (Snyder 
et al. 1992; Supplementary Material Methods). We tested if 
full fractional crystallization over the entire LMO crystal-
lization affects the outcome and found that this has only neg-
ligible effects on the investigated ratios. Furthermore, we use 
our new partition coefficients for silicates and literature data 
for accessory phases (details are listed in the Supplementary 
material and Supplementary Table S6) and the crystalliza-
tion sequences of Rapp and Draper (2018) and Schmidt and 
Kraettli (2022) (Fig. 5a, b) to calculate Sm/Nd and Lu/Hf. 
We further calculated all trace element abundances in the 
evolving LMO along a fractionation sequence of Schmidt 
and Kraettli (2022) for elements with reliable trace element 
partition coefficients, determined in this study (Li, Ba, Th, 
U, Sc, Ti, V, Cr, Mn, Co, Ni, Nb, Ta, La, Ce, Pr, Nd, Sm, Zr, 
Hf, Eu, Gd, Tb, Dy, Y, Ho, Er, Tm, Yb, Lu).

The calculated elemental Sm/Nd and Lu/Hf of the evolv-
ing melts were transformed to isotopic ratios 147Sm/144Nd 
and 176Lu/177Hf by correcting with the chondritic isotopic 
abundances (147Sm/144Nd = 0.196, 176Lu/177Hf = 0.0336; 
Bouvier et al. 2008). We noted, that the use of partition 
coefficients for either diopside or augite has no strong influ-
ence on 147Sm/144Nd because partition coefficients are very 
similar (Fig. 2a and Supplementary Table S6). However, the 
coefficients for Lu and Hf between diopside and augite are 
significantly different  (DLu/DHf = 0.34/0.68 and 0.17/0.04, 
diopside and augite, respectively). We show the evolution 
lines for either diopside (green line) or diopside and augite 
(blue line) in Fig. 5c–f. We used both diopside or augite 
partition coefficients, as clinopyroxenes evolve towards less 
calcic endmembers during LMO solidification (cf. Supple-
mentary Figure S1). Details about the partition coefficients 
can be found in the Supplementary Table S6. Figure 6 shows 
the calculated absolute trace element abundances during the 
fractionation of the LMO. The results are compared to the 
absolute trace element contents of urKREEP as modeled by 
Warren and Wasson (1979).

Evolution of 176Lu/177Hf and 147Sm/144Nd

Our trace element modeling for 176Lu/177Hf (Fig. 5c–f) 
shows that the evolution of the ratios of the two fractionation 
sequences are virtually identical until ~ 90 PCS, which cor-
responds roughly to the onset of the crystallization of lunar 
high-Ti and Fe cumulates (“Ilmenite-bearing cumulates”, 
Snyder et al. 1992). The crystallization of clinopyroxene 
begins at about 70 PCS and causes a very small increase of 
176Lu/177Hf (Fig. 5c, d), and a slight decrease of 147Sm/144Nd 
(Fig. 5e, f).

The precipitation of Fe-Ti oxides, which occurs 
together with clinopyroxene in the last stages of LMO 

crystallization, causes an increase of 176Lu/177Hf to val-
ues > 0.4 (Fig.  5c, d), whereas 147Sm/144Nd decreases 
mainly due to clinopyroxene crystallization (Fig. 5e, f). 
Thereby, it has a strong influence, whether partitioning 
data for high-Ca diopside, or augite are chosen (green 
and blue lines, Fig. 5c, d). Neither of the models yield 
176Lu/177Hf close to the proposed urKREEP isotopic sig-
natures, which were calculated based on lunar samples 
(Borg et al. 2009, 2020; Gaffney and Borg 2014; Edmun-
son et al. 2009). This urKREEP is thought to represent the 
last remaining liquids of the LMO (Warren and Wasson 
1979). However, as the KREEP component is known to be 
rich in phosphorous (P stands for phosphorous), we pro-
pose that fractionation of plagioclase together with vari-
able amounts of apatite from the last dregs of LMO melts 
is needed to attain the correct isotopic signature. Accord-
ing to our model, abundant apatite fractionation (20–30 
vol%; Fig. 5d, f) induces a significant fractionation of 
176Lu/177Hf and only a minor fractionation of 147Sm/144Nd 
in the residual melt (Fig. 5d, f), rendering the remain-
ing liquid fraction closer to the compositions proposed 
for the urKREEP reservoir. The quantity of plagioclase 
and apatite may vary due to variations in clinopyroxene 
and plagioclase partition coefficients (Fig. 5d). The yel-
low areas in Fig. 5d correspond to the liquid evolution 
after the removal of a plagioclase-apatite cumulates with 
20–30 vol% apatite.

We suggest that phosphates play a yet underestimated 
role in the trace element evolution of urKREEP. Apatite 
and whitlockite are abundant accessory phases in lunar 
rocks (Papike et al. 1991; Elardo et al. 2014; Hu et al. 
2021) and indeed apatite has been reported to crystallize 
towards the final stages of the experimentally determined 
fractionation sequences (e.g., Rapp and Draper 2018). 
Note that it could also be whitlockite that crystallizes dur-
ing late stages of the LMO solidification but as there are 
no  Dwhitlockite−melt, we decided to use  Dap−melt for F-apatite 
(cf. Prowatke and Klemme 2006b; Ji and Dygert 2023).

Phosphate crystallization induces a significant frac-
tionation of 176Lu/177Hf and a minor fractionation of 
147Sm/144Nd in the residual melt (Fig.  5d, f), which 
dregs the isotopic signatures of  the modeled frationa-
tion residuum closer to the signatures proposed for the 
urKREEP reservoir, based on sample evidence (Edmunson 
et al. 2009; Borg et al. 2009, 2020). This would indicate, 
however, that the analyzed KREEP-rich natural samples 
contain traces of the LMO, which formed after 99 PCS 
and require fractionation of cumulates rich in plagioclase 
and accessories (e.g., diorite). Our data implies that the 
urKREEP composition is reached relatively late in the 
crystallization of the LMO at ~ 99.9 PCS, which is later 
than suggested previously (e.g., Rapp and Draper 2018; 
Maurice et al. 2020).
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Modeling the trace element composition of urKREEP

To illustrate the significance of the experimental data, we 
calculated the abundances of trace elements in the residual 
liquids during progressive crystal fractionation of the LMO, 
aiming to constrain the composition of the urKREEP reser-
voir, as introduced by Warren and Wasson (1979) (Fig. 6, 
Supplementary Table S7).

The trace element modeling as shown in Fig. 6 visual-
izes that most elements in the remaining melt (e.g., Ba, Th, 
U, Zr, REE) develop towards the urKREEP concentrations 
proposed by Warren and Wasson (1979) up to 98 PCS. Note, 
that we did not include trapped liquids in our model. There-
fore, our modeled trace element concentrations at 98 PCS 
should be taken as a minimum concentration of these ele-
ments in urKREEP. The pink dots in Fig. 6 correspond to 

the liquid composition after removing a cumulate of plagio-
clase and apatite, as suggested in this study based on isotopic 
ratios (Fig. 5). For a few elements (Li, Co, Sm, Nd, and Sr) 
the fractionation of plagioclase and apatite causes an evolu-
tion of the absolute concentrations into the direction of the 
urKREEP as modeled by Warren and Wasson (1979). Our 
data suggests that Warren and Wasson (1979) overestimated 
V and Cr concentrations in urKREEP, but we would like to 
stress that V and Cr are heavily depleted by plagioclase and 
apatite fractionation. As we have shown in the discussion 
on olivine, V and Cr are also compatible in low-T olivine, 
which further decreases the abundances of these elements 
in the remaining liquid. Our modeling results highlight, that 
there is a need for new LMO fractionation models that focus 
on the late evolution of the LMO, and the composition of 
urKREEP.

Fig. 6  Calculated trace element compositions (normalized to CI-
chondrite of McDonough and Sun 1995) of LMO residuum with pro-
gressive crystallization, following Schmidt and Kraettli (2022). With 
increasing crystallization, trace element concentrations of incompat-
ible elements increase in the remaining melts, whilst the concentra-
tions of compatible elements (e.g., Cr, V, Ni) decrease. Colors cor-

respond to the cumulates which are crystallizing. The numbers on the 
right side indicate PCS. For comparison, the grey stars correspond to 
the proposed urKREEP composition as modeled by Warren and Was-
son (1979). The lowest concentrations of V and Cr are not shown, 
due to scaling reasons (cf. Supplementary Table S7)
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Conclusions and implications

• We determined new trace element partition coefficients 
 (Dmineral−melt) between clinopyroxene (diopside and 
augite), pigeonite, orthopyroxene, olivine, plagioclase, 
and LMO melts for a total of 39 trace elements, including 
the REE and heat producing elements (K, U, Th). Clino-
pyroxene  Dmineral−melt vary with pressure, temperature, 
and pyroxene chemistry. Low-Ca pyroxene  Dmineral−melt 
show similar  Dmineral−melt for mono- and divalent trace 
elements. Trivalent ions are generally one magnitude 
less compatible in low-Ca pyroxene compared to high-
Ca pyroxene.  Dplagioclase−melt agree with literature data 
(Dygert et al. 2020). The trace element partition coef-
ficients of pigeonite, plagioclase, and olivine extend the 
existing experimental datasets for Li, Ba, and HFSEs (Zr, 
Th, U, Nb, Ta) at conditions relevant for the Moon.

• We used our new partition coefficients in conjunction 
with experimental data on the crystallization of the lunar 
magma ocean to constrain the trace element evolution 
of the LMO. Our model indicates that crystallization of 
additional apatite (or other Ca-rich phosphates) is needed 
to explain the observed 176Lu/177Hf and 147Sm/144Nd 
trace element signature of the KREEP reservoir on the 
Moon. These findings underline the need to better under-
stand the final stage of LMO crystallization and the need 
for enhanced models to constrain the temporal evolution 
of the LMO.

• We modeled an urKREEP trace element composi-
tion based on trace element partition coefficients and 
an experimentally determined LMO crystallization 
sequence. Our data clearly show that the very last stages 
of LMO crystallization exert a strong effect on the trace 
element composition of the final dregs of melts, and con-
sequently urKREEP
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