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A B S T R A C T

The canonical Moon-forming giant-impact models allow for substantial chemical differences between the bulk 
silicate Moon and Earth due to incomplete mixing of the impactor and the proto-Earth. In comparison, the 
emerging high-energy giant-impact (Synestia) model requires the refractory element compositions of the Earth 
and Moon to be nearly identical, owing to extensive chemical homogenization of the Moon-forming disk in a 
vigorously mixed silicate fluid. These distinct chemical predictions make the lunar refractory element compo
sition crucial for testing Moon-formation hypotheses, yet it remains highly controversial and necessitates new 
approaches to resolve. In this study, we develop a novel method using the composition of pristine lunar anor
thosite samples to constrain the Moon’s refractory lithophile element compositions. We obtained a very close 
match of refractory major and trace element compositions for the lunar magma ocean model, suggesting 
indistinguishable refractory element abundances between the bulk silicate Moon and Earth. This striking re
fractory element similarity is difficult to reconcile with the relatively poor mixing conditions of the canonical 
giant-impact models. The compatibility of this result with disk equilibration models other than the Synestia has 
yet to be quantitatively verified. Our results further constrain that the formation of the Earth-Moon system re
quires a thoroughly-mixed protolunar disk of chemical and isotopic homogenization with an initially fully- 
molten Moon, as enabled by emerging models like the Synestia.

1. Introduction

The bulk chemical composition of the Moon is fundamental to un
derstanding the formation of the Earth-Moon system. In particular, the 
refractory lithophile elements [with high equilibrium condensation 
temperatures such as Ca, Al, Sr, Th, and rare earth elements (REEs)] 
carry unparalleled significance because their compositions are repre
sentative of the Moon’s primitive building materials, in contrast to the 
volatile and siderophile elements and their isotopes that can be further 
modified by planetary accretion and core segregation.

Over the past years, extensive efforts and progress have been made 
on understanding the importance of the observed similar Earth-Moon 
mass-independent isotope signatures in testing Moon-forming giant- 
impact models, such as the Δ17O (Young et al., 2016), ε50Ti (Zhang et al., 
2012), and ε54Cr compositions (Qin et al., 2010; Mougel et al., 2018). 
However, the significance of refractory elements and their 
mass-dependent isotopic fractionation (e.g., δ44/40Ca and δ49/47Ti) of 
the Earth-Moon system has yet to be adequately explored. These element 

and isotopic proxies differ fundamentally from mass-independent 
isotope systematics in that their variations are subject to internal plan
etary differentiation and were likely heterogeneous across the 
Moon-forming impactor and proto-Earth. In contrast, the 
mass-independent isotopic composition (e.g., Δ17O, ε50Ti, ε54Cr) is 
mostly uniform in the mantle of each body. The variable nature of the 
refractory elements and their isotopic fractionation in the pre-impact 
bodies could principally place stronger constraints on the details of 
giant-impact mixing processes. Additionally, the refractory elements 
and their isotopes are most resistant to evaporation and mixing, thereby 
yielding more restrictive limits on the required extent of protolunar disk 
mixing than volatile elements. These unique advantages should moti
vate a new generation of Moon-formation testing by leveraging this 
underexplored element and isotopic array.

In the canonical (low-energy) giant-impact hypothesis for the 
Moon’s formation (e.g., Canup, 2004; Kegerreis et al., 2022; Canup 
et al., 2023;), the Mars-sized impactor (Theia) and the proto-Earth are 
considered to be differentiated bodies that likely hold mantle chemical 
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heterogeneities in element ratio and concentration, set by early magma 
ocean compositional differentiation (Elkins-Tanton, 2012). The bulk 
silicate Moon (BSM) is made from sampling minor portions of the 
mantles of both bodies, preferentially from their outer portions, a phe
nomenon known as the “shallow-province bias” (Warren, 2005). 
Meanwhile, the majority of the remaining silicate materials form the 
bulk silicate Earth (BSE) (Fig. 1). In these models, we find it difficult for 
the BSM to sample the average chemical composition of the combined 
silicate portions of the two bodies. This difficulty arises from two main 
factors. First, the outer silicate portions of the two bodies are likely 
chemically heterogeneous and not representative of the average mantle 
compositions. Therefore, their preferential sampling into the disk would 
likely result in a chemically fractionated BSM composition from the BSE. 
Second, the BSM samples only a minimal mass fraction (~2 %) of the 
total silicate materials, leaving most of Theia and proto-Earth materials 
unmixed in the Moon-forming disk. Given the biased sampling and poor 
disk-mixing characteristics, in the canonical giant-impact models, the 
BSM is likely distinct from the BSE in refractory element ratio and 
concentration (Fig. 1).

This predicted chemical discrepancy can be substantial regardless of 
whether (i) Theia and the proto-Earth shared similar bulk compositions 
or (ii) how much materials the BSM sources derived from Theia versus 
the proto-Earth (including the scenarios in which BSM sources solely 
from Theia or the proto-Earth). This prediction is due to the BSM sam
pling such minimal mass fractions from either body, which both likely 
carried planetary-scale chemical heterogeneities. Likewise, different 
BSM and BSE refractory element compositions should also be expected 
in the canonical models where Theia is similar in size to the proto-Earth, 
instead of being Mars-sized (Canup, 2012).

Other modified giant-impact models also allow for substantial 
chemical differences between the Earth and the Moon. For example, the 

disk equilibration hypothesis of the Moon’s formation (Pahlevan and 
Stevenson, 2007), which was proposed to explain the observed identical 
oxygen isotope signatures, was found challenging to effectively ho
mogenize refractory elements and their isotopes due to their much 
higher condensation temperatures and resistance to evaporation and 
turbulent mixing (Zindler and Jacobsen, 2010; Zhang et al., 2012; 
Melosh, 2014). Moreover, Hosono et al. (2019) proposed a model where 
the Moon’s building materials are sourced mostly from a terrestrial 
magma ocean, attempting to reconcile the isotopic similarity of the 
Earth-Moon system. However, we find that such models also predict and 
allow for a significant compositional difference between the Earth and 
Moon. Despite assuming an ideal, chemically-homogenized terrestrial 
magma ocean covering the Earth’s deeper mantle, this shallow magma 
ocean is likely chemically fractionated from the underlying mantle and 
the BSE due to solid-melt refractory element partitioning during the 
early magma ocean crystallization or partial melting of the pre-existing 
mantle. This chemically fractionated terrestrial magma ocean, which 
later forms the primary composition of the Moon in this model, is ex
pected to be chemically distinct from the BSE. Other protolunar disk 
models, which propose improved disk mixing conditions due to the 
potential magnetorotational instability (MRI) driven turbulence (e.g., 
Charnoz and Michaut, 2015; Gammie et al., 2016), remain unclear about 
the mixing efficacy for refractory elements. As a result, a predicted 
Earth-Moon refractory element composition is currently unavailable in 
such models, preventing a direct comparison with the observations.

In contrast, the recent Earth-Moon Synestia model (Lock et al., 
2018), where the BSM condenses out of a homogenized BSE fluid due to 
a high-energy, high-angular-momentum impact (Fig. 1), requires an 
initially fully molten Moon and the BSM and BSE chemical compositions 
to be close to identical in refractory elements (~2.7 times CI chondrite) 
(McDonough and Sun, 1995). Given the contrasting Earth-Moon 

Fig. 1. Silicate Earth’s and Moon’s chemical building blocks and compositions expected for various Moon-forming mechanisms. In the upper panel, the canonical 
low-energy giant-impact scenarios (Canup et al., 2023) predict the Moon being made from small portions of chemically and isotopically fractionated materials 
sampled from the impactor (Theia) and the proto-Earth. In particular, the Moon receives materials preferentially from the outer portions of the two bodies, likely 
leading to distinct refractory element and isotope compositions of the silicate Moon and Earth. The shaded zones on Theia and the proto-Earth show schematically the 
typical sampling regions for making the Moon, modified from Canup (2004). The color gradient shows an overall decreasing sampling probability toward planet 
interiors, namely the “shallow-province bias” (Warren, 2005). In the lower panel, the complete chemical and isotopic mixing predicted by the high-energy gian
t-impact hypothesis (Earth-Moon Synestia) (Lock et al., 2018) requires identical refractory element and mass-dependent isotope compositions of the BSM, LMO, 
and BSE.
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refractory element compositions predicted for these giant-impact hy
potheses, the bulk refractory element enrichment of the silicate Moon 
provides crucial and, possibly, decisive answers to how the Earth-Moon 
system formed.

To date, the refractory element enrichment of the Moon has been 
subject of markedly controversial assumptions. In previous studies, the 
initial lunar magma ocean (LMO) refractory trace element enrichment 
has been deemed to be substantially higher than the Earth (~4–5 times 
CI chondrite) (e.g., Snyder et al., 1992; Taylor et al., 2006) compared to 
~2.7 times CI chondrite for the Earth (McDonough and Sun, 1995). 
Earth-like compositions (e.g., Warren, 2005; Taylor and Wieczorek, 
2014, Lock et al., 2018) and enrichments as low as the CI chondrite 
(Rapp and Draper, 2018; Ji and Dygert, 2023) have also been used. 
Aside from these controversies, the importance of whether these trace 
element enrichment assumptions are consistent with the lunar major 
element constraints (Ca, Al, and Ti) has not been adequately explored in 
the literature. These disparate lunar trace element hypotheses await a 
clear quantitative resolution to be evaluated together with the major 
element constraints.

Much of the existing evidence for the BSM refractory element 
enrichment comes from extrapolating lunar surface refractory element 
abundances (Th and Al) into deeper mantle using mass-balance calcu
lation to estimate the BSM enrichment (e.g., Taylor et al., 2006; Warren, 
2005; Taylor and Wieczorek, 2014). However, the robustness and ac
curacy of these results are limited by our ability of determining the 
element concentration of the lunar crust and mantle (Warren, 2005; 
Taylor and Wieczorek, 2014). Additionally, the conclusions for other 
refractory elements of the Moon are limited by the few numbers of re
fractory elements that have already been directly investigated (Th and 
Al) (Warren, 2005; Taylor et al., 2006; Taylor and Wieczorek, 2014). 
Another approach used by O’Neill (1991) estimates the BSM element 
composition by mixing hypothetical mantle reservoirs from the 
impactor and the proto-Earth in certain proportions. However, this 
method is tied to the specific mixing proportion of Theia and the 
proto-Earth selected in the study (20 % vs. 80 %) and the requirement of 
Theia as an undifferentiated chondritic body (O’Neill, 1991), which was 
later realized to be likely a differentiated body in giant-impact models to 
meet the Moon’s iron-depletion signature (e.g., Canup et al., 2023).

To circumvent these limitations, we developed a novel back- 
calculation methodology to enable determination of the initial re
fractory lithophile trace element abundances of the Moon (for 14 ele
ments including Sr, Nb, and REEs), independent from the major element 
constraints. To achieve this objective, we utilize the trace element data 
of the direct products derived from the lunar magma ocean (LMO) and 
modeling of the element evolution of the LMO crystallization. Specif
ically, the plagioclase trace element compositions reported for 11 pris
tine Apollo ferroan anorthosites (FANs) (Pernet-Fisher et al., 2019) were 
selected. Their compositions chiefly preserve those of the LMO primary 
floatation cumulates in the late stage, with minimal mixing with other 
magmatic sources such as mare (<5 %) and KREEP (<1 %) [highly 
enriched in potassium (K), REEs, and phosphorus (P)] magmas 
(Pernet-Fisher et al., 2019). We also present an Eu vs. Sr diagram 
(Fig. S1) that shows the 11 pristine FAN plagioclase samples used in our 
study experienced negligible mixing with the KREEP or mare magma 
and record primarily the element compositions acquired from the LMO 
differentiation.

2. Methods

We examine a broad range of LMO crystallization models for a 
comprehensive test of the lunar trace element compositions. These 
models encompass LMO crystallization mineral sequences obtained 
from experiments and thermodynamic phase-equilibrium calculations, 
various BSM major element compositions [including Lunar Primitive 
Upper Mantle (LPUM) (Longhi, 2006), Taylor Whole Moon (TWM) 
(Taylor, 1982), and other modified versions], pure fractionation 

crystallization models, hybrid equilibrium-fractional crystallization 
models, and different assumptions of the initial LMO depth (ranging 
from ~600 km deep to the whole-Moon magma ocean) (Snyder et al., 
1992; Elkins-Tanton et al., 2011; Lin et al., 2016; Rapp and Draper, 
2018; Schmidt and Kraettli, 2022; Charlier et al., 2018; Johnson et al., 
2021). We forward model the element-ratio evolution of the residual 
LMO liquids and flotation cumulates for different LMO crystallization 
models starting from a common near-chondritic LMO initial refractory 
element ratio (Supplementary Material: Section 3 and Table S3) using 
the compiled mineral-melt partition coefficients (Supplementary Mate
rial: Section 2 and Table S2).

A common feature of these LMO models is that as the LMO evolves to 
produce anorthosite by flotation, Eu and Sr become less incompatible in 
the LMO liquids and create increasing negative Eu anomaly (Eu/Eu*) 
and higher incompatible element/Sr ratio [such as La/Sr(N) and Dy/ 
Sr(N), (N) denotes CI chondrite-normalized (Anders and Grevesse, 
1989)] in both LMO residual liquids and flotation cumulates. Therefore, 
comparison of the observed highly fractionated trace element ratios 
(Eu/Eu*, La/Sr(N), and Dy/Sr(N)) of the plagioclase samples with the 
calculated element ratio evolution of the flotation cumulates can yield 
sensitive estimates of the samples’ degrees of crystallization during the 
LMO solidification. The selection of both La/Sr(N) and Dy/Sr(N) is meant 
to obtain constraints from both the light and heavy rare earth elements 
to test their consistency. Such data-model comparisons are similarly 
performed for the various LMO crystallization models. The critical 
advantage of using element-ratio comparison (rather than 
element-concentration comparison) to determine samples’ degrees of 
crystallization is that the results are only dependent on the assumption 
of the initial LMO refractory element ratios, which are chondritic for all 
LMO models. As such, the determination is fully independent from the 
yet known, variously assumed initial LMO refractory element 
concentrations.

3. Results and discussion

3.1. Degree of LMO crystallization of lunar anorthosites

Fig. 2A shows the refractory element data of lunar samples compared 
to the forward modeling of the LMO element evolution starting from a 
BSE element enrichment (chondritic ratios and a uniform enrichment of 
~2.7 times CI chondrites) (McDonough and Sun, 1995) under the Rapp 
and Draper (2018) LMO model. There is an excellent agreement for most 
elements. The exceptions are Cr (moderately-refractory) and Rb 
(moderately volatile), the latter of which is ~1/4 of BSE based on 
studies of Rb/Sr ratios (Borg et al., 2022). Fig. 2B highlights the element 
ratio comparison (La/Sr(N) and Gd/Sr(N) vs. Eu/Eu*) of the lunar data 
with the LMO residual liquid and the flotation cumulates (Supplemen
tary Material: Section 3). Comparison between the lunar data and 
modeling results of other LMO models are presented in Fig. S4–S11.

Besides showing the element data of the plagioclase in pristine an
orthosites (Pernet-Fisher et al., 2019), we also present the data for 
High-K KREEP (Warren, 1989) and lunar soils collected from the Apollo 
14 and 16 missions (measured in this study) to test model consistency 
(Fig. 2B). The Apollo 14 soils reflect mostly the KREEP composition, and 
the Apollo 16 soils are thought to be the mixtures of the Procellarum 
KREEP Terrane and the Feldspathic Highland Terrane (Jolliff et al., 
1999). These components provide additional independent tests for the 
modeled element-ratio evolution tied with individual LMO crystalliza
tion models.

Except for the phase-equilibrium TWM model of Johnson et al. 
(2021) (where garnet may be a stable phase in deep lunar mantle) and 
experimental “wet” shallow-LMO models (Lin et al., 2016) (Fig. S4 & 
S5), all other LMO crystallization models show a great match between 
the modeled flotation cumulate evolution and the plagioclase analyses 
of the pristine anorthosites. This agreement demonstrates their likely 
origin as products of late-stage LMO differentiation (Fig. 2 & 
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Fig. S6–11). Also, the modeled LMO liquid element-ratio evolution is 
consistent with the KREEP data (High-K KREEP and Apollo 14 soils) at 
extremely high degrees of LMO crystallization (~98–99.5 %) (Fig. 2B). 
Furthermore, the results of Apollo 16 soils are finely reproduced by the 
mixing curves between the High-K KREEP and a relatively primitive 
plagioclase component (FAN sample 65325) (Fig. 2B).

The inconsistency between the modeling results of the Johnson et al. 
(2021) and Lin et al. (2016) models and the lunar data is due to the 
models’ significantly lower abundances of plagioclase in the late-stage 
crystallization sequences, which are too low to reproduce measure
ments such as the prominent negative Eu/Eu* signature of the KREEP 
(Fig. S4 & S5). For the other LMO crystallization models, the good 
agreement between the modeling results and the lunar data allows for 
determining the plagioclase samples’ degree of crystallization using the 
three pairs of element ratios (Eu/Eu*, La/Sr(N), and Dy/Sr(N)), each as an 
independent proxy (Fig. 2C). The average result from the three proxies 
gives the mean and two standard errors (2SEs) of the degree of crys
tallization of each plagioclase sample, determined from the individual 
LMO crystallization models (Table S4). The small uncertainties of most 
calculated mean degrees of crystallization (2SEs < 5 %) demonstrate the 
consistency of the three element-ratio proxies and the robustness of the 
results.

3.2. Estimating the initial LMO refractory trace element concentrations

We use the concentrations of Sr, Nb, and REEs (La, Ce, Pr, Nd, Sm, 
Eu, Gd, Tb, Dy, Ho, Er, Yb) of the anorthosite plagioclase, each as an 
independent element proxy, to compute the corresponding initial LMO 
refractory trace element concentrations. These 14 elements are selected 
because they are the ones measured best and completely for the FAN 
plagioclase samples (Fig. 2A). First, using the measured element con
centrations of the plagioclase samples and mineral-melt partition co
efficients, the element concentrations of the equilibrium parental 
magma of the plagioclase (LMO residual liquid) are computed (Fig. 3B, 
Step 1). Second, the calculated degree of crystallization of the plagio
clase sample under a particular LMO crystallization model (Fig. 3A) is 
paired with these parental magma element compositions. Third, using 
the LMO element evolution calculation, we back-calculate to solve for 
the initial LMO element concentrations for the 14 elements (Fig. 3B, Step 
2) (Supplementary Material: Section 5). Fourth, the average of these 14 
elements gives the mean and 2SEs of the LMO initial refractory element 
enrichment inferred from this plagioclase sample. This calculation is 
performed for all the 11 plagioclase samples, whose least-squares- 
weighted average (considering their 2SEs) estimates the LMO initial 
refractory element enrichment under a particular LMO crystallization 

Fig. 2. Element ratio comparison between lunar data and LMO crystallization modeling for the Rapp and Draper (2018) model. (A) Trace element comparison 
between the LMO modeling (assuming an initial chondritic element ratio with Earth-like concentrations) and lunar data (High-K KREEP, Apollo 14 soils, and 
plagioclase in pristine FAN samples). Modeling results for the LMO liquid and flotation cumulates are color-coded as fields and delineated by fine grey lines and label 
markers. (B) Lunar trace element ratio data (symbols) compared with modeled evolution of the LMO liquid and floatation cumulates (curves) since 74 % LMO 
crystallization. The Apollo soil data (diamond symbols) are from this study and the FAN plagioclase data (circle symbols) are from (Pernet-Fisher et al., 2019). The 
modeled evolution curves are color-coded according to the % LMO crystallization, also labeled on the curves. The black dashed mixing curves were calculated 
assuming mixing between the High-K KREEP and a relatively primitive FAN sample 65325. (C) Comparison between the element ratios of the anorthosite plagioclase 
samples and the modeled flotation cumulate evolution. The average result from the three proxies gives the mean and two standard errors (2SEs) of the degree of 
crystallization of each plagioclase sample.
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model. The calculation flow for the Rapp and Draper (2018) LMO model 
is exampled in Fig. 3. The results including other LMO crystallization 
models are provided in Fig. S12–S17.

The LMO models of Schmidt and Kraettli (2022), Rapp and Draper 
(2018), Johnson et al. (2021) are based on the whole-Moon magma 
ocean hypothesis. The model from Elkins-Tanton et al. (2011) prescribes 
a 1000-km deep initial LMO, similar to the whole-Moon coverage. For 
these models, our calculated LMO initial refractory element enrichment 
is equivalent to that of the bulk silicate Moon. The Charlier et al. (2018)
and Lin et al. (2016) models were experimented according to an initially 
undifferentiated shallow-LMO assumption (~600 km), below which is 
an undifferentiated lunar deep mantle that shares the same bulk element 
composition as the LMO. Therefore, in these two shallow-LMO cases, the 

calculated LMO initial refractory element concentration is also equal to 
that of the bulk silicate Moon. The only exception is the Snyder et al. 
(1992) model that parameterizes an already enriched shallow-LMO to be 
the bulk composition (a residual shallow LMO after olivine separation to 
form deep mantle cumulates). Therefore, our calculated LMO initial 
refractory element composition for the Snyder et al. (1992) model es
timates only this possibly enriched shallow LMO, which reflects an 
upper bound of the BSM enrichment (Fig. 4).

The determined LMO initial refractory trace element concentrations 
for the various LMO models span from 1.78 ± 0.18 to 3.12 ± 0.26 times 
CI chondrite (Fig. 4, x-axis data). Notably, three LMO models yield 
consistent trace element enrichments with the bulk silicate Earth (~2.75 
± 0.28 times CI chondrite), and the other four models give results 

Fig. 3. Calculating the initial LMO trace element concentrations using the Rapp and Draper (2018) LMO model. (A) Results of degrees of LMO crystallization 
calculated for the anorthosite samples. (B) Calculation for the initial LMO trace element concentrations (Sr, Nb, and REEs). Step 1 shows converting the measured 
plagioclase element concentrations (green open circles) to their equilibrium parental LMO compositions (orange open circles). Step 2 represents back-calculating the 
initial LMO element concentration (blue open circles) using the parental LMO compositions and the corresponding degree of LMO crystallization (Fig. 3A). The 
average of all elements for one plagioclase sample gives an independent estimate of the mean and 2SEs of the LMO initial refractory trace element (blue solid circle 
with error bars). Weighted-least-squares averaging all estimates obtained from the 11 plagioclase samples yields the mean and 2SEs (the solid and dashed blue lines) 
of the LMO/CI refractory element enrichment (2.44 ± 0.21 times CI chondrite). In this case of Rapp and Draper (2018) experimental whole-Moon LMO model, the 
LMO initial concentration is equivalent to that of the BSM. The BSM enrichment is indistinguishable from the BSE enrichment (2.75 ± 0.28 times CI chondrite) shown 
as the gray horizontal envelope, whose relative uncertainty is estimated to be ~10 % (McDonough and Sun, 1995).
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between the silicate Earth and the chondritic abundances. None of the 
results are close to the hypothesized chondritic abundance or a highly 
enriched abundance (~4–5 times CI chondrite).

The observed difference in these trace element enrichment estimates 
is mainly caused by the different saturation stages and fractionating 
abundances of plagioclase in different LMO models. The highly frac
tionated element ratios (Eu/Eu*, La/Sr(N), and Dy/Sr(N)) are sensitive to 
plagioclase crystallization effects. In the Johnson et al. (2021), Elkin
s-Tanton et al. (2011), Snyder et al. (1992), and Charlier et al. (2018)
LMO models, plagioclase starts to saturate in the LMO in relatively late 
stages (after ~78 % LMO crystallization) compared to the Lin et al. 
(2016), Schmidt and Kraettli (2022), and Rapp and Draper (2018)
models, in which plagioclase crystallization starts at ~70 % of LMO 
crystallization. Therefore, the estimated degrees of crystallization for 
the plagioclase samples in the former four models are systematically 
higher than those obtained for the latter three models. This factor 
further leads to the systematic difference in the back-calculated LMO 
initial refractory concentrations between the two groups of models.

3.3. Comparison of major and trace element constraints for the bulk 
Moon: implications for a thoroughly-mixed Moon-forming disk

These discrepant trace element estimates from different LMO models 
cannot be used solely to affirm the BSM enrichment. However, the in
dependent trace element estimates gain increasing constraining power 
after combining with estimates for the BSM refractory major element 
concentrations. For any set of estimates, the consistency between the 
LMO refractory trace element (Sr, Nb, REEs) and major element (i.e., Al, 

Ca) enrichments needs to be first verified to test the qualification as a 
self-consistent model.

We plot the LMO refractory trace element estimates (from our study) 
versus the major element enrichments used for individual LMO crys
tallization models in Fig 4. The y-axis data show the mean of Al and Ca 
enrichments of the bulk composition assumed in each LMO crystalliza
tion model. Except for the Schmidt and Kraettli (2022) and Snyder et al. 
(1992) models that assume more refractory-element-enriched BSM 
major element compositions, the other five models all assume a BSM 
major element composition essentially identical to the BSE (LPUM) 
(Longhi, 2006). We find that the BSM refractory major and trace element 
compositions determined for the Rapp and Draper (2018) model form 
the only self-consistent composition, whose means are consistent with 
the 1:1 relationship within uncertainty and define the best estimate for 
the BSM element composition. The other models exhibit moderately 
inconsistent major and trace element estimates, but their estimates 
cluster around the BSE composition (Fig. 4). We underscore the 
importance of examining major and trace elements together to verify 
internal coherency of the proposed LMO models before further in
terpretations, a critical step forward toward establishing the accurate 
lunar composition.

The self-consistent refractory major and trace element enrichments 
obtained for the Rapp and Draper (2018) model is based on an initial 
whole-Moon magma ocean, whose refractory element composition re
flects that of the BSM. An initially fully molten Moon has also been 
independently supported by increasingly converging geophysical and 
geochemical evidence from recent studies (Canup et al., 2015; Lock 
et al., 2018; Steenstra et al., 2020; Canup et al., 2023; Schmidt and 

Fig. 4. Determining the refractory element compositions of the bulk silicate Moon. This diagram shows the cross-comparison of the calculated mean BSM refractory 
trace element enrichment (using Sr, Nb, and REEs) (this study) and the proposed mean major element enrichment (Ca and Al) for individual LMO crystallization 
models. The uncertainties on the x-axis are 2SEs determined from our calculation, and the error bars on the y-axis are assumed to be the same as that for the BSE (±
0.28 times CI chondrite, a ~10 % relative uncertainty) (McDonough and Sun, 1995). The 1:1 line shows the required relationship for a valid planetary composition 
with near-chondritic ratios of refractory elements. The shades of the 1:1 line represent an estimated 2 % maximum uncertainty in the refractory element ratios in the 
chondrite groups from the summary of Alexander (2019a) and Alexander (2019b). The only valid, self-consistent composition is obtained for the Rapp and Draper 
(2018) model, which defines the best-estimated BSM refractory element composition and is consistent with the BSE within uncertainty. An arrow pointing left on the 
error bar reflects that the estimated BSM enrichment is likely lower than the presented value.
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Kraettli, 2022). The resolved BSM refractory element enrichment agrees 
with the BSE values within uncertainty (BSM/BSE = 0.89 ± 0.12) 
(Fig. 4), consistent with other estimates for Th and Al using a different 
mass-balance method (Warren, 2005; Taylor and Wieczorek, 2014).

The observed near-identical BSM and BSE refractory lithophile 
elemental ratio and enrichment is a distinctive feature predicted by the 
high-energy giant-impact (Synestia) model (Lock et al., 2018) due to 
vigorous mixing of the Moon-forming disk in a homogenized silicate 
fluid. This marked refractory element similarity is at odds with the poor 
mixing conditions of the canonical giant-impact models. Its compati
bility with other Moon-forming models that claim better disk mixing has 
yet to be quantitatively tested (e.g., Pahlevan and Stevenson, 2007; 
Charnoz and Michaut, 2015; Gammie et al., 2016). Along with the iso
topic similarities between the Earth and Moon (e.g., Zhang et al., 2012; 
Wang et al., 2015; Young et al. 2016; Sossi and Moynier, 2017; Poi
trasson et al., 2019; Sedaghatpour and Jacobsen, 2019; Fischer et al., 
2021; Fu et al., 2023), our new result means that the silicate portions of 
the Earth and the Moon are essentially identical in both chemistry and 
isotopic composition, except for the more volatile elements. This finding 
places further constraints on a likely high-energy giant-impact origin of 
the Earth-Moon system, in which a fully molten Moon formed in a 
well-mixed protolunar disk of BSE composition, as hypothesized and 
permitted by models like the Earth-Moon Synestia (Lock et al., 2018).

The only silicate Earth-Moon compositional differences are the 
Moon’s relative depletion in more volatile elements (e.g., Taylor and 
Wieczorek, 2014; Lock et al., 2018; Charnoz et al., 2021; Solomatova 
and Caracas, 2023) and the distinct moderately-volatile-element isotope 
compositions, such as K, Zn, Rb, and Sn (Wang and Jacobsen, 2016; 
Wang et al., 2019; Dauphas et al., 2022; Nie and Dauphas, 2019; Canup 
et al., 2015). Both exceptions were sought to be explained quantitatively 
in the Synestia and other protolunar disk models (Canup et al., 2015; 
Lock et al., 2018; Charnoz et al., 2021; Dauphas et al., 2022). In com
parison, regarding the more refractory elements, reproducing the 
Moon’s low iron content remains the central consideration of most 
geophysical models (Canup et al., 2023), while verifying if such 
geophysical models can also reproduce other refractory element (iso
topic) observations has received far less attention and quantitative 
investigation. Except for the Synestia model (Lock et al., 2018), sub
stantial verification of the Earth-Moon refractory element composition 
in other existing giant-impact physical models remains scarce, yet it 
opens fresh windows for harnessing this critical element array. We 
propose that an increasing endeavor in quantifying the predicted 
Earth-Moon refractory chemical and isotopic consequences tied to 
various giant-impact physical models would shed essential new light 
into successfully testing the Moon-formation theories.

4. Conclusions

We developed a new methodology to constrain the refractory 
element composition of the BSM, a fundamental property of the Moon 
subject to notable controversies. By combining the chemical composi
tions of the pristine lunar anorthosite samples and modeling the LMO 
crystallization chemical evolution, we have determined the initial re
fractory trace element compositions in the LMO tied to various LMO 
models. The self-consistent set of refractory major and trace element 
enrichments yields the best estimate for the BSM refractory element 
composition, which agrees with the BSE composition within uncer
tainty. This striking Earth-Moon refractory element similarity is a 
distinctive feature predicted by the high-energy, high-angular-mo
mentum giant-impact hypothesis (Synestia), with an initially fully 
molten Moon formed in a rigorously mixed disk of BSE-composition 
fluid. Such a similarity is difficult to be explained by the canonical 
low-energy giant-impact models due to poor mixing of the impactor and 
the proto-Earth. Its compatibility with other proposed disk equilibration 
models that claim better disk mixing needs to be rigorously verified in 
future studies. Our findings provide further evidence that forming the 

Earth-Moon system requires a thoroughly-mixed protolunar disk of 
chemical and isotopic homogenization, likely enabled by a high-energy 
giant impact proposed in emerging models like the Synestia.
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