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A B S T R A C T

Emerging evidence of strikingly similar Earth–Moon refractory lithophile element compositions provides a key 
constraint on lunar origin, underscoring the need for a novel framework to test competing Moon formation 
models. Here, we evaluate whether the canonical giant-impact hypothesis can account for this compositional 
similarity. We model depth-dependent refractory element heterogeneity within the differentiated Moon-forming 
impactor and proto-Earth and integrate these chemical signatures with the canonical giant-impact sampling to 
predict the Moon’s composition. Our modeling shows that the canonical model would lead to a highly frac
tionated proto-lunar disk composition relative toEarth’s mantle and cannot reproduce the observed Earth–Moon 
similarity, when mantle compositional differentiation within the pre-impact bodies is considered. This result 
holds true irrespective of whether density-driven mantle overturn occurred in the pre-impact bodies. Instead, the 
observed similarity favors extensive post-impact homogenization of the proto-lunar disk, a process consistent 
with a high-energy giant-impact Moon formation scenario (e.g., Synestia).

1. Introduction

The giant-impact hypothesis has been the dominant paradigm for the 
Moon’s formation since the Apollo era. The emerging debate on Earth- 
Moon formation focuses on the energy of the Moon-forming giant 
impact. Canonical low-angular-momentum giant-impact models pro
pose that a roughly Mars-sized impactor (Theia) collided with the proto- 
Earth during its late accretionary stage, forming a debris disk of mixed 
materials from both the impactor and the proto-Earth that eventually 
coalesced into the Moon (Canup, 2004). In contrast, the 
high-angular-momentum, high-energy giant-impact hypotheses, partly 
motivated by the remarkable isotopic similarity of the Earth and Moon, 
suggest that the Moon and Earth condensed from a homogenized silicate 
fluid structure known as a synestia (Lock et al., 2018). The proposed 
high-angular-momentum scenarios include the “half-Earth” impact 
(Canup, 2012) and the “fast-spinning Earth” impact (Ćuk and Stewart, 
2012).

The Synestia model was developed to simultaneously reconcile iso
topic constraints, the Moon’s volatile depletion, and experimentally 
determined physical properties of planetary materials (Lock et al., 
2018). In this scenario, a high-energy impact produces a post-impact, 
supercritical fluid structure consisting of the silicate portions of the 

proto-Earth and impactor. As the synestia cools, a sequence of processes 
occurs: (i) formation of a nearly homogeneous silicate vapor disk, (ii) 
condensation of vapor into moonlets, which equilibrate chemically with 
bulk silicate Earth vapor at pressures of tens of bars, and (iii) 
re-accretion of the remaining vapor onto Earth, leaving the Moon in 
orbit with a small, captured atmosphere and beginning to cool and so
lidify. This evolution reproduces the Moon’s Earth-like isotopic signa
tures, bulk composition, and volatile element pattern, shifting the 
problem of lunar origin from identifying a single collision geometry to 
achieving the conditions for a synestia.

Testing the canonical versus Synestia giant-impact models hinges in 
part on determining which hypothesis aligns more closely with the 
fundamental geochemical constraints on Earth-Moon formation. The 
most widely used geochemical arguments have centered on the 
remarkable Earth-Moon similarity in mass-independent isotope com
positions, such as Δ17O (Cano et al. 2020; Fischer et al. 2024; Young 
et al. 2016) and ε50Ti (Zhang et al. 2012), and radiogenic isotopic 
compositions such as μ182W (Fischer et al., 2021; Kruijer et al., 2015). 
However, mass-independent isotope compositions, while distinct in bulk 
compositions among Solar System bodies, are generally regarded as 
uniform within individual bodies (Lock et al., 2020; Young et al., 2016; 
Zhang et al., 2012). This internal invariability limits the ability to 
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distinguish between various Moon-formation models. For instance, the 
similar mass-independent isotopic signatures of the Moon and Earth can 
be reconciled if either (i) the final bulk silicate Earth (BSE) and bulk 
silicate Moon (BSM) contain near-identical contributions from Theia 
(Canup, 2012; Ćuk and Stewart, 2012; Hosono et al., 2019; Lock et al., 
2020; Young et al., 2016; Zhang et al., 2012), or (ii) Theia and the 
proto-Earth shared the same bulk mass-independent isotopic composi
tions (e.g., Dauphas et al., 2014).

The first scenario, which involves specific mixing proportions, is a 
relatively weak constraint since many partial-disk-mixing impact 
models (Canup, 2012; Ćuk and Stewart, 2012; Hosono et al., 2019; 
Nakajima and Stevenson, 2015) and thorough-disk-mixing models (Lock 
et al., 2018) could both yield a similar Theia contribution to both the 
Earth and the Moon. In the second scenario, assuming isotopic similarity 
between Theia and the proto-Earth precludes further distinction be
tween partial- and thorough-disk-mixing models. In other words, for any 
giant-impact model, the mass-independent isotope method bypasses the 
complexity of identifying the specific origins of lunar materials within 
the impactor and target mantles (i.e., from deep or shallow silicate re
gions), as isotopic values are largely uniform within each body. Conse
quently, the constraining power of this traditional isotopic proxy is 
limited and insufficient on its own to resolve differences between 
partial-mixing and high-energy, thorough-mixing models.

Thus, the Earth-Moon refractory lithophile element compositions [e. 
g., Ca, Al, Th, U, and rare earth elements (REEs)] may provide additional 
crucial constraints for testing giant-impact models, though this potential 
remains to be leveraged. This strength arises from the likely fractionated 
and heterogeneous distributions of refractory elements within the 
impactor and target mantles, in contrast to the mostly uniform values 
observed for mass-independent isotopic compositions (Fu and Jacobsen, 
2024). Therefore, testing giant-impact models using refractory elements 
requires consideration not only of simple mixing proportions but also of 
the specific sampling localities from the pre-impact bodies that 
contributed to the lunar disk. Incorporating the effects of pre-impact 
mantle compositional differentiation and sampling locality introduces 
two new, independent dimensions of constraint. Together, these addi
tional factors can provide a more robust framework for evaluating 
Moon-formation hypotheses, complementing traditional 
mass-independent isotope proxies.

Another strength of refractory lithophile elements, compared to 
volatile and siderophile elements, is that their abundances and ratios 
between the Earth and Moon are minimally affected by evaporation and 
condensation in the lunar disk and by core formation (Ivanov et al., 
2022; Lock et al., 2018). This property ensures that the observed 
Earth–Moon compositions faithfully reflect the initial element distri
butions in the pre-impact bodies and their subsequent redistributions 
during giant-impact sampling and mixing, without introducing addi
tional sources of fractionation.

In a recent study, we presented evidence for nearly identical abun
dances and ratios of refractory lithophile elements (including both 
major and trace elements) in the Earth’s and Moon’s silicate portions (Fu 
and Jacobsen, 2024), calling for a new-generation Moon-formation 
testing by leveraging this constraint. This marked consistency is a pre
dicted outcome of the high-energy giant-impact model, which involves 
thorough chemical and isotopic mixing in a synestia. However, whether 
the canonical giant-impact model can produce such a notable similarity 
remains unclear. In this study, we test if the canonical giant-impact 
hypothesis can explain the Moon’s refractory element compositions, 
considering the effect of magma ocean compositional differentiation in 
Theia and the proto-Earth.

2. Results and discussion

2.1. Chemical differentiation of Theia and proto-Earth pre-impact 
mantles

By the time of the Moon-forming giant impact (likely >4.5–4.4 
billion years ago) (e.g., Barboni et al., 2017; Fu et al., 2023; Greer et al., 
2023; Thiemens et al., 2019; Yu and Jacobsen, 2011), the hypothesized 
Theia and the proto-Earth likely underwent extensive internal silicate 
differentiation from early magma oceans (MOs) (Elkins-Tanton, 2012). 
Geochemical evidence for the existence and preservation of global-scale 
compositional differentiation is observed in various Solar System bodies 
with implications for early MO processes, including Vesta (Greenwood 
et al., 2014), the Moon (Wood et al. 1970), Mars (>4.5 Ga) (Day et al. 
2024; Elkins-Tanton, 2012), and Earth (Caro et al., 2005; Carlson and 
Boyet, 2008; Harper and Jacobsen 1996; Hyung and Jacobsen, 2020).

We utilized the whole-mantle magma ocean crystallization se
quences of Mars and Earth (bottom-up crystallization) (Elkins-Tanton, 
2008) as analogs for modeling the initial compositional variations in the 
mantles of Theia and the proto-Earth. We also adopted present-day Mars 
and Earth radii and core fractions for Theia and the proto-Earth—a 
first-order approximation consistent with the parameter ranges used in 
successful canonical giant-impact simulations (e.g., Canup, 2004; 
Nakajima and Stevenson, 2015; Hull et al., 2024). The core radius of 
Theia was assumed to be the same as that of Mars (~1830 km) (Stähler 
et al., 2021). The bulk silicate compositions (initial MO compositions) of 
both bodies were assumed to be BSE-like (McDonough and Sun, 1995) 
because this assumption has the highest potential to lead to a BSE-like 
composition of the final Moon. In a later section, we also tested the re
sults for assuming a Mars-like composition for Theia. The deep mantle of 
the proto-Earth was modeled as being composed of 78 wt. % bridg
manite, 18 wt. % ferropericlase, and 4 wt. % Ca-perovskite. This 
composition would lead to Lu/Hf and Sm/Nd fractionation patterns 
similar to those inferred for the early-stage evolution of Earth’s deep 
mantle (e.g., Caro et al., 2005; Hyung et al., 2016).

We examined two potential end-member scenarios for the chemical 
fractionation of the MO and mantle cumulate (Supplementary Note 2). 
The first scenario involves a two-stage crystallization process, with 
equilibrium crystallization during the initial 70 % of MO crystallization, 
followed by fractional crystallization during the remaining 30 %. This 
model assumes a low mantle viscosity and a strong early thermal con
vection that caused early crystal suspension in the MO (Elkins-Tanton, 
2012). The second scenario assumes pure fractional crystallization 
throughout the entire MO crystallization process (Elkins-Tanton, 2012). 
Our calculations revealed that the chemical fractionation of refractory 
lithophile elements is largely insensitive to the crystallization mode, 
whether hybrid or purely fractional, due to their high incompatibility. 
The results for pure fractional crystallization are presented in the main 
text, while results for two-stage crystallization are provided in the 
Supplementary Material, Figs. S1–S5..

In Fig. 1, we illustrate the modeled refractory major element con
centrations in the mantle cumulate of Theia and the proto-Earth as a 
function of radius (Mg, Si, and Fe are moderately refractory elements). 
Increasing Fe/Mg and Ca/Al ratios toward the outer silicate portion of 
both bodies are expected due to the high compatibility of Mg in olivine 
and pyroxene and Al in majorite and garnet. An overall continuous 
enrichment of Ca toward the upper mantle is a consistent feature for 
both bodies.

In Fig. 2, we present the calculated refractory trace and major 
element fractionation as a function of degree of MO crystallization. A 
first-order similarity between the proto-Earth and Theia mantle is the 
prominent enrichment of incompatible lithophile elements in the 
remaining MO and the fractionating mantle cumulates as crystallization 
progresses (Fig. 2). Sr, Ti, and Eu exhibit slightly positive anomalies 
compared to other highly incompatible elements, such as Th and U. 
Additionally, the proto-Earth’s residual MO composition shows greater 
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REE fractionation, due to the possible fractionation of Ca-perovskite in 
the deep mantle.

We used element ratio pairs (Al/Ca, Mg/Fe, La/Lu, and Sr/Th) to 
demonstrate mantle compositional heterogeneity in the proto-Earth and 
Theia (Fig. 3). Mixing between these silicate reservoirs and between the 
two bodies should determine the expected chemical compositions of the 
BSM under canonical giant-impact models. The BSM is observed to have 
a near-chondritic ratio and an Earth-like refractory element enrichment 
(~2.7 times CI chondrite) (Fu and Jacobsen, 2024; Taylor and Wiec
zorek, 2014), both serving as critical benchmarks for comparison. By 
definition, the observed BSM composition can be matched if the giant 
impact samples all the various mantle reservoirs evenly (e.g., samples 
the average bulk composition) from each body to make the lunar disk 
material. However, if a sampling bias exists—particularly one associated 
with most canonical giant-impact models (Canup, 2004), the silicate 
compositions sourced from either body would become chemically frac
tionated, leading to a predicted BSM composition that likely diverges 
from observations. A “shallow-provenance bias” is known for the ca
nonical giant-impact models (Canup, 2004; Warren, 2005), character
ized by preferential sampling of the outer portions of the impactor and 
target to explain the Moon’s iron depletion (~2 wt. % core mass) (e.g., 
Khan et al., 2006).

2.2. Depth-dependent sampling probability of mantles and cores in a 
canonical giant impact

The canonical models with mixing ratios of 70 % to 90 % between 
Theia and the proto-Earth mantle are well-documented (Canup and 
Asphaug, 2001; Canup, 2004; Hull et al., 2024; Nakajima and Stevenson, 
2015). However, these studies did not report detailed depth-dependent 
sampling profiles of the mantles. In the absence of high-resolution depth 
sampling data, we parameterized multiple sampling probability profiles 
to approximate depth-dependent sampling in canonical giant-impact 
models.

The four parameterized sampling models are shown as functions of 
radius (r) in Figs. 4 and 5. They were designed to encompass possible 
outcomes of canonical giant impacts. Model 1 assumes strong prefer
ential sampling of surface materials over deeper materials (Fig. 4A). 
Model 4 assumes aggressive sampling of the deeper mantle (Fig. 4D). 
Models 2 and 3 represent intermediate scenarios (Figs. 4B–C). In all 
cases, the sampling probability is normalized to a maximum of unity at 
the surface.

For Theia, canonical giant-impact models suggest sampling extends 
to the outer portion of Theia’s core (Canup, 2004). The one-dimensional 
sampling probability (Fig. 4A–D) was converted into spherical 
surface-area-weighted sampling probabilities by multiplying by r2 

(Fig. 4E–H). The cumulative density function (CDF) of this profile yields 
the cumulative volume proportions sampled below a given radius 

Fig. 1. Proto-Earth and Theia bottom-up magma ocean crystallization sequences and refractory major elements distribution in the mantle. Mineral proportions (in 
weight percent) are adapted from Elkins-Tanton (2008). The bulk silicate chemical compositions (bulk MO composition) of Theia and the Proto-Earth are assumed to 
be both BSE-like (McDonough and Sun, 1995). Element variations are normalized to the BSE values. The surface radii of the proto-Earth and Theia are set to 6378 km 
and 3396 km, respectively, while their core-mantle boundary radii are 3488 km and 1830 km, respectively. The results illustrate pure fractional crystallization of the 
magma ocean without mantle overturn.
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Fig. 2. Refractory elements fractionation in the evolving magma oceans and mantle cumulates. The dashed horizontal black lines represent the BSE-normalized 
initial magma ocean (MO) composition, which also reflects the bulk silicate composition. The evolving element compositions are color-coded according to the 
corresponding degree of MO crystallization. The gray fine lines delineate the MO crystallization stages corresponding to Fig. 1A & B. The results illustrate pure 
fractional crystallization of the magma ocean.
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(Fig. 4I–L). To match the Moon’s ~2 wt. % final core mass, the core mass 
sampled from Theia cannot exceed ~3 wt. % of the total sampled Theia’s 
materials because (i) the lunar core is sourced primarily from Theia’s 
core (according to the canonical giant-impact dynamics), and (ii) 
Theia’s materials constitute >70 % of the lunar disk (Canup, 2004). 
Given the higher density of Theia’s core (~5500 kg/m3) (Khan et al., 
2006) compared to average silicates (~3346 kg/m3) (Wieczorek et al., 
2006), the sampled core volume should not exceed ~1.5 % of the total 
sampled materials. Accordingly, we implemented a constraint allowing 
only 1 % to 2 % of Theia’s core volume to be sampled across all four 
models. Using a Monte Carlo approach, the sampling probability profiles 

were parameterized to match this range (Fig. 4I–L) and to best mimic 
canonical giant-impact simulation results.

2.3. Predicted lunar refractory element compositions under canonical 
giant-impact models

The depth-dependent sampling probabilities for Theia and the proto- 
Earth were combined with their mantle chemical fractionation profiles 
using a Monte Carlo approach to determine the bulk chemical compo
sition that each body contributes to the lunar debris disk (Supplemen
tary Note 4). Mixing proportions, representing the percentage of the 

Fig. 3. Modeled mean refractory-element compositions of the various mantle reservoirs of Theia and the proto-Earth. The intersection of the black lines at unity and 
the shaded box marks the observed BSM values (assumed equivalent to BSE) with ~10 % relative uncertainty (Fu and Jacobsen, 2024; Taylor and Wieczorek, 2014). 
The dashed 1:1 line indicates the chondritic ratio for BSM refractory elements, whose uncertainty is at most ~2 % (Alexander, 2019a, 2019b); the proposed BSM 
Fe/Mg ratio is likewise within ~5 % of unity (Schmidt and Kraettli, 2022, and references therein). These uncertainty envelopes are too small to be visible at the scale 
of the diagram. The results illustrate pure fractional crystallization of the magma ocean and show that preferential sampling of the shallow mantle is unlikely to 
reproduce the BSM compositions.
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Moon sourced from Theia (ranging between 70 % and 90 %), were 
randomly sampled based on the proposed range for successful canonical 
giant impacts (Canup, 2004). These proportions were then used to 
calculate the predicted mean refractory element compositions of the 
debris disk. We assumed complete homogenization of the debris disk, 
resulting in a composition equivalent to that of the BSM.

We further compared the predicted BSM element compositions under 
canonical giant-impact models with the observed BSM values to assess 
consistency. Fig. 6 presents the results for the element proxies first 
introduced in Fig. 4. In each plot, the symbols represent the predicted 
BSM compositions derived from the sampling models, while the color 
gradient indicates Theia’s mass contribution to the proto-lunar disk. A 

Fig. 4. Depth-dependent sampling models (Models 1 to 4) for Theia materials contributing to the lunar disk in a canonical giant impact. The first row (A–D) 
represents one-dimensional relative sampling probabilities as a function of depth during a giant impact. The second row (E–H) depicts the spherical surface-area- 
weighted sampling probabilities at various radii. The third row (I–L) shows the cumulative density function (CDF) of the second row, representing the cumula
tive volume fraction sampled beneath a given radius. For all four sampling models, to account for the Moon’s small core fraction (~2 wt. %), the CDF at Theia’s core- 
mantle boundary (I to L) must fall within the range of ~1 % to 2 % (bounded by the vertical dashed lines). The horizontal dotted lines correspond to the magma 
ocean crystallization stages delineated in Fig. 1B.
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total of 1000 simulations were performed for each sampling model. The 
BSM refractory element abundances are estimated to match those of the 
BSE, with an approximate ~10 % uncertainty (Fu and Jacobsen, 2024; 
Taylor and Wieczorek, 2014). The BSM refractory element ratios are 
assumed to be chondritic, with a maximum uncertainty of 2 %, based on 
observed variations in chondrites (Alexander, 2019a, 2019b).

For element concentration comparisons, the results reveal an overall 
poor match between model predictions and observations, with less than 
5 % overlap for any element proxy. Major element proxies (e.g., Ca, Al, 
Fe, and Mg) (Fig. 6A & B) show a slightly better match compared to 
highly incompatible trace elements (e.g., La, Lu, Sr, Th), likely due to the 
smaller initial heterogeneity in the pre-impact mantle (Fig. 2). For 

Fig. 5. Depth-dependent sampling models (Models 1 to 4) for proto-Earth materials contributing to the lunar disk in a canonical giant impact. The first row (A–D) 
represents one-dimensional relative sampling probabilities as a function of depth during the impact. The second row (E–H) depicts the spherical surface-area- 
weighted sampling probabilities at various radii. The third row (I–L) shows the cumulative density function (CDF) of the second row, representing the cumula
tive volume fraction sampled beneath a given radius. For the proto-Earth, materials beneath a depth of ~1000 km (corresponding to a radius of 5378 km) remain 
unsampled (Canup, 2004). The horizontal dotted lines correspond to the magma ocean crystallization stages delineated in Fig. 1A.
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element ratio comparisons, most modeling results exhibit highly non- 
chondritic element ratios, attributed to the combined effects of 
shallow-provenance sampling and pre-existing chemical differentiation 
in the pre-impact mantles.

A more thorough model-data testing can be achieved by integrating 
the complete refractory element model predictions with the lunar ob
servations, forming a multi-dimensional test (Fig. 7). The predicted 
enrichment of refractory elements and fractionated element ratios is a 
consistent feature across all sampling models, with the extent of these 
effects being sensitive to the mixing proportions between Theia and the 
proto-Earth mantle. Interestingly, a closer match seems to be reached 
when (i) a significant portion of Theia’s deep mantle is sampled (Model 
4, Fig. 4D) and (ii) the lunar disk is composed of >85 % material sourced 
from Theia. Nevertheless, despite the modeled BSM concentrations 
being closer to lunar constraints in Model 4, the refractory element ra
tios remain highly fractionated from the near-chondritic ratios (Fig. 7D 
and Fig. 8D), excluding a feasible match. In addition, exceptionally high 
proportions of Theia-derived material in the disk (>85 %) would 
increasingly conflict with the mass-independent isotopic evidence, 
which necessitates the disk to be predominantly composed of the proto- 
Earth mantle (assuming Theia and the proto-Earth carried distinct 
values preceding the impact) (Canup et al., 2023; Lock et al., 2020; 
Young et al., 2016). This apparent conflict between refractory-element 

and traditional isotopic evidence challenges efforts to reconcile the 
Moon’s composition with the canonical giant-impact scenario.

For each simulation associated with each sampling model (Models 1 
to 4), we calculated a joint probability of matching the modeled results 
with all BSM refractory element constraints simultaneously (for both 
element concentrations and ratios, Figs. 7 and 8) (Supplementary Note 
4). Although our preferred BSM refractory element concentrations are 
within 10 % of the BSE values (Fu and Jacobsen, 2024), other studies 
considered wider ranges, with concentrations ranging from 0.8 to 1.7 
times BSE values ( Kronrod et al., 2018; Taylor, 1982; Taylor and 
Wieczorek, 2014). For the hypotheses of a refractory-element-enriched 
Moon (from 1.5 to 1.7 times BSE values) (Taylor, 1982; Kronrod et al., 
2018), it is unclear how such an enrichment can be achieved during the 
Moon formation. The combined effect of lunar core formation (2 wt. % 
of the Moon) and lunar major volatile element depletion (such as Na and 
K) would enrich refractory elements by up to a few percents in the BSM; 
yet the enriched hypothesis requires a 50 % to 70 % enrichment, which 
are challenging to explain. We have also found that the enrichment 
hypotheses, based largely on the Al content of Moon, are inconsistent 
with the evidence from refractory trace elements of the Moon (Fu and 
Jacobsen, 2024). Nevertheless, we want to explore how a wider range of 
assumed BSM compositions would affect the results and conclusions.

For testing purposes only, we take a broad lunar refractory element 

Fig. 6. Predicted BSM refractory element compositions for the canonical giant-impact model compared to lunar observations. The gray box represents the observed 
BSM concentrations, which are similar to those of the BSE and include a ~10 % uncertainty (Fu and Jacobsen, 2024; Taylor and Wieczorek, 2014). Symbols indicate 
the modeled BSM compositions derived using individual sampling models (Models 1 to 4) (Figs. 4 and 5), with 1000 samples for each model. The color gradient 
reflects the proposed mass fraction of the BSM sourced from Theia (~70 % to 90 %) (Canup, 2004). The 1:1 slopes and shaded regions indicate the chondritic ratio or 
Fe/Mg ratio proposed for the BSM, along with their uncertainties [~2 % for the chondritic ratio (Alexander, 2019a, 2019b) and ~5 % for the Fe/Mg ratio (Schmidt 
and Kraettli, 2022, and references therein)]. The results reveal an overall poor match between the model predictions and observations, with less than 5 % overlap for 
any pair of elements, demonstrating the difficulty of obtaining the BSM composition using the canonical model of Moon formation.
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composition estimate, with concentrations ranging from 0.8 to 1.7 times 
BSE values (Fu and Jacobsen, 2024; Kronrod et al., 2018; Taylor, 1982; 
Taylor and Wieczorek, 2014). For the BSM refractory element ratios, we 
take them to be the same as the BSE (Fu and Jacobsen, 2024; McDo
nough and Sun, 1995), with a maximum of 5 % relative uncertainty 
(defined by the Fe/Mg ratio uncertainty in the BSM) (Schmidt and 
Kraettli, 2022 and references therein). Fig. 9 presents the cumulative 
density functions (CDFs) of the joint match probability for the four 
sampling models, assuming both two-stage and pure fractional crystal
lization of the pre-impact mantles. The two-stage MO crystallization 
process (equilibrium crystallization followed by fractional crystalliza
tion), which might be expected to reduce initial mantle heterogeneities 
and improve match probabilities, yields improvements over the pure 
fractional crystallization model but does not lead to a substantial match 
with the observations either. The low cumulative match probabilities 
(<10–3) highlight the difficulty of reconciling the Moon’s fundamental 
refractory element compositions with the canonical giant-impact model, 
regardless of the assumed sampling, BSM compositional uncertainty, or 
chemical differentiation models—even when assuming that Theia and 
the proto-Earth shared the same bulk chemical composition.

2.4. Testing a Mars-like Theia composition and its effects

For the calculation above, we assume that Theia and the proto-Earth 
shared the same bulk chemical composition (same as the BSE). This 
choice stems from our belief that a BSE-like Theia provides the best 

opportunity for the canonical giant-impact model to possibly match the 
observed BSE-like Moon’s composition. Nevertheless, dynamical and 
isotopic evidence suggests that Theia might have originated from outer 
Solar System (Brien et al., 2014; Budde et al., 2019) with a bulk chemical 
composition possibly similar to Mars. Therefore, we do not exclude such 
a possibility and performed a simulation that assumes an initially 
Mars-like Theia composition (Yoshizaki and McDonough, 2019) (Sup
plementary Note 5).

Similar to our expectation, the simulation suggests that assuming a 
Mars-like Theia composition does not make the canonical giant impact 
yield a closer match to the observed lunar refractory element composi
tions (Figs. S8 and S9). Particularly, from a major element perspective, 
the substantially higher Fe content (14.7 wt. %) and relatively lower Ca 
and Al contents of the bulk silicate Mars would lead to even more 
fractionated Fe/Mg and Ca/Al ratios of the lunar disk and a worse 
comparison with the observed lunar range (Fig. S7). Integrating the full 
element concentration and ratio constraints yields slightly worse match 
probabilities (Fig. S10) compared to the model that assumes a BSE-like 
Theia (Fig. 9). This test aligns with the prediction that a non-BSE-like 
Theia composition makes it even harder for the canonical giant-impact 
model to explain the observed lunar refractory element signatures.

2.5. Testing density-driven mantle-overturn effects

In the scenario above, we have assessed the results assuming the pre- 
impact mantles preserved the chemical heterogeneity from bottom-up 

Fig. 7. Comparison of complete refractory element compositions between the canonical giant-impact predictions and lunar observations. The y-axis data show the 
modeled element concentrations of the BSM normalized by the BSE values. The horizontal line and shaded envelope represent the observed BSM composition, which 
is consistent with the BSE and with a ~10 % uncertainty (Fu and Jacobsen, 2024; Taylor and Wieczorek, 2014). Each panel corresponds to results derived from a 
specific sampling model, as shown in Figs. 4 and 5. Each color-coded curve (1000 curves per panel) represents one simulation of the modeled BSM element 
composition based on the percentage of the Moon’s material sourced from Theia. The predicted highly fractionated BSM compositions demonstrate the difficulty of 
explaining the Moon’s composition by the canonical model.
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MO crystallization. However, due to a predicted increasing Fe/Mg ratio 
in the residual magma ocean and the fractionating minerals in the late 
MO stage, the later-formed cumulate may become denser and lead to a 
density-driven overturn of the mantle, causing redistribution of the 
element heterogeneity (e.g., Boukaré et al., 2018; Elkins-Tanton et al., 
2003; Hess and Parmentier, 1995). The possibility of mantle overturn 
has been hypothesized for various-sized Solar System objects including 
the Moon (Hess and Parmentier, 1995), Mars (Elkin-Tantons et al., 
2003), and Earth (Boukaré et al., 2025). In the fractional crystallization 
scenario, our modeling also suggests overall increasing Fe/Mg ratios in 
the MO and cumulates as the MO crystallizes (Fig. S11), pointing toward 
a mantle overturn possibility.

To test this possible scenario, we performed calculations by consid
ering efficient mantle overturn developed within the proto-Earth and 
Theia mantles (Supplementary Note 6). Our results show that the final 
lunar-disk composition derived from overturned pre-impact mantles are 
highly depleted in refractory element concentrations and fractionated in 
element ratios (Fig. 10). The magnitudes of element depletion and ratio 
fractionation are similar across all four giant-impact-driven sampling 
models (Fig. 10). The elemental fractionation patterns in the mantle- 
overturn scenario (Fig. 10) are complementary to the scenario where 

mantle overturn is not invoked (Fig. 7). Especially, the extent of element 
ratio fractionation (the deviation from the chondritic ratio) is even 
stronger in the mantle-overturn case (Fig. 10) compared to the no- 
overturn hypothesis (Fig. 7). These results show that assuming mantle 
overturn in the pre-impact bodies does not improve the match between 
the canonical giant-impact hypothesis and the observed Earth-Moon 
refractory element similarity. In fact, if one considers a more re
fractory element-enriched Moon (1.5–1.7 times BSE values) (Kronrod 
et al., 2018; Taylor, 1982), the depleted element abundance predicted in 
the mantle-overturn case would make it even harder to explain the lunar 
composition in the context of a canonical giant impact.

Furthermore, how mantle overturn occurred or how soon it occurred 
in the pre-impact bodies depend on more than just the composition- 
dependent density of liquids and solids. From a mantle dynamics 
perspective, solid-state thermal convective mixing and density-driven 
overturn might have developed concurrently with (“early” convection) 
or shortly after MO crystallization (“late” overturn), possibly promoting 
early mixing of the compositional layers (Boukaré et al., 2018). The 
exact overturn scenarios for Theia and the proto-Earth depends on fac
tors such as the MO crystallization timescale relative to mantle viscosity, 
which likely differ between various bodies, and the timing of the 

Fig. 8. Comparison of refractory element ratios between the canonical giant-impact predictions and lunar observations. The y-axis data show the modeled element 
ratios of the BSM normalized by the BSE values. The horizontal line and shaded envelope represent the chondritic ratio with a maximum of ~5 % uncertainty. 
Chondrites have a typical refractory element ratio variation of 2 %, but the Fe/Mg ratio in the BSM has a maximum of 5 % uncertainty. Therefore, we adopt 5 % as 
the maximum uncertainty in the refractory element ratio. Each panel corresponds to results derived from a specific sampling model, as shown in Figs. 4 and 5. Each 
color-coded curve (1000 curves per panel) represents one simulation of the modeled BSM element composition based on the percentage of the Moon’s material 
sourced from Theia. For all sampling models, the canonical giant impact would predict highly fractionated element ratios that are incompatible with the lunar 
observations.
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Moon-forming impact (Boukaré et al., 2018; Elkins-Tanton, 2008, 
2012). A recent study (Boukaré et al., 2018) shows that early-convection 
and late-overturn scenarios would yield similar radial compositional 
heterogeneity, yet the early-convection case would increase lateral 
compositional heterogeneity. To first order, our current modeling results 
for the mantle-overturn scenario, which adopt the mean radial compo
sition in the pre-impact mantle, are applicable for both the 
early-convection and late-overturn cases.

A further resolution of the mantle overturn effects could rely on 
better understanding the early mantle compositional heterogeneity 
evolution as a function of time. The time-dependent mantle composition 
variations, paired with the timing of Moon-forming giant impact, could 
potentially provide a more comprehensive synthesis of the possible 
lunar-disk compositions resulting from the canonical giant-impact hy
pothesis. If the canonical giant impact occurred at a time when some 
early mixing effectively reduced radial heterogeneity in both pre-impact 
mantles, an increase in the match probability for canonical giant-impact 
models with observed lunar compositions could be expected. As such, 
the required level of pre-impact mantle homogenization to align with 
the canonical giant-impact models can be rigorously evaluated in future 

studies. However, the feasibility of achieving the desired extent of early 
compositional mixing in both pre-impact bodies must be independently 
examined through (i) geodynamical modeling and (ii) geological evi
dence, which suggests the pervasive preservation of early compositional 
differentiation in differentiated bodies (Carlson and Boyet, 2008; Caro 
et al., 2005; Day et al., 2024; Elkins-Tanton, 2012; Greenwood et al., 
2014; Hyung and Jacobsen, 2020). The preservation of early mantle 
heterogeneity may be especially stronger for a Mars-sized body (Theia) 
due to its potentially slower mantle mixing rate compared to an 
Earth-sized body (Jacobsen and Yu, 2015), evidenced by preserved 
182W/183W and 142Nd/144Nd heterogeneities up to the present (Jacobsen 
and Yu, 2015). As a result, because the lunar disk sources mostly from 
the impactor’s materials in a canonical giant impact and the giant 
impact may have happened very early (likely >4.5–4.4 billion years), 
the Moon likely inherited considerable mantle heterogeneity acquired 
from early magma-ocean processes.

2.6. Alternatives to the canonical giant-impact models and further testing

Compared to the canonical giant-impact hypothesis, a Synestia lunar 

Fig. 9. Cumulative distribution functions (CDFs) of the match probability between canonical giant-impact predictions and lunar observations. The upper panel shows 
results assuming pure fractional crystallization of the mantles in the pre-impact bodies, while the lower panel depicts results assuming two-stage crystallization (70 % 
equilibrium crystallization followed by 30 % fractional crystallization). For each sampling model (Models 1 to 4), the match probability of each simulation and the 
CDF of 1000 simulations are calculated based on the results from Fig. 7 (fractional crystallization) and Fig. S5 (two-stage crystallization). The shaded regions for each 
sampling model represent the 95th percentile of the match probability. All 95th percentiles fall below 10–3, demonstrating a poor match between canonical giant- 
impact predictions and lunar observations.
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origin provides a straightforward solution to explain the near-identical 
refractory elemental and isotopic compositions of the Earth and Moon 
(Lock et al., 2018). Other disk equilibration models, including turbulent 
mixing through liquid-vapor exchange (Pahlevan and Stevenson, 2007; 
Pahlevan et al., 2010) and magnetorotational instability (MRI)-driven 
turbulence (e.g., Charnoz and Michaut, 2015; Gammie et al., 2016), are 
unclear regarding their efficiency at homogenizing refractory lithophile 
elements between the Earth and the lunar disk.

These disk-equilibration processes require extremely high tempera
tures (>4000 K) to vaporize refractory elements at lunar-disk-relevant 
vapor pressures (Fegley et al., 2023; Ivanov et al., 2022; Lock et al., 
2018) to permit mixing. Partial vaporization of refractory elements 
would introduce additional elemental and isotopic fractionation be
tween the BSE and BSM, which is inconsistent with current observations. 
Furthermore, achieving the required extent of mixing in such 
disk-equilibration models would be particularly challenging under a 
canonical giant-impact scenario, given the predicted remarkable dif
ference in the initial refractory element compositions between the lunar 
debris disk and the post-impact Earth (Fig. 7). The hypothesis of a 
shallow MO on the proto-Earth preceding the giant impact, where the 
Moon is primarily sourced from this MO (Hosono et al., 2019), also 
makes it hard to explain the observed lunar refractory element compo
sitions. A shallow, residual proto-Earth MO was likely chemically frac
tionated relative to the BSE composition due to solid-melt element 
partitioning (see Fig. 2A for an example),and sampling of this layer 
would result in a chemically distinct BSM composition from the BSE.

Besides element ratio and concentration variations as test sets, 

resolvable mass-dependent stable isotope heterogeneity for refractory 
elements within planetary interiors has also been increasingly recog
nized, warranting systematic implementation in Moon-formation 
testing. Taking Ca stable isotopes as an example, δ44/40Ca heterogene
ity in various mantle source regions has been inferred for Vesta (Zhu 
et al., 2023), the Moon (Fu et al., 2023; Klaver et al., 2021; Simon and 
DePaolo, 2010; Simon et al., 2017; Valdes et al., 2014), Mars (Magna 
et al., 2015), and Earth (Eriksen and Jacobsen, 2022; Eriksen et al., 
2024). Analogous to the refractory element proxies examined in this 
study, mass-dependent isotopic variations could serve as complemen
tary tools for testing specific giant-impact models, although the 
magnitude of isotopic fractionation is generally smaller (fractionation at 
sub per-mil levels). Nevertheless, the successful preservation of such 
small yet resolvable heterogeneity in planetary interiors hints at a 
possible lack of efficient early mantle compositional mixing in the Solar 
System bodies, providing supporting evidence for evaluating mantle 
heterogeneity for the pre-impact bodies.

Lastly, obtaining high-resolution data on the original locations of 
disk materials within the pre-impact bodies from smoothed-particle 
hydrodynamic (SPH) canonical giant-impact simulations (e.g., Canup 
et al., 2004; Hull et al., 2024; Nakajima and Stevenson, 2015) would 
enable more rigorous testing of the feasibility of this class of models. 
Beyond its implications for Moon formation, this work highlights the 
potential for applying such an interconnected geochemical-geophysical 
framework, which leverages detailed pre-impact element distribution 
and post-impact redistribution, to explore other planet–moon formation 
processes potentially linked to giant-impact events (e.g., Kovačević 

Fig. 10. Comparison of complete refractory element compositions between the canonical giant-impact predictions and lunar observations, assuming mantle overturn 
in the pre-impact bodies. The y-axis data show the modeled element concentrations of the BSM normalized by the BSE values. The horizontal line and shaded 
envelope represent the observed BSM composition, which is consistent with the BSE and with a ~10 % uncertainty (Fu and Jacobsen, 2024; Taylor and Wieczorek, 
2014). Each panel corresponds to results derived from a specific sampling model, as shown in Figs. 4 and 5. Each color-coded curve (1000 curves per panel) rep
resents one simulation of the modeled BSM element composition based on the percentage of the Moon’s material sourced from Theia. Mantle overturn preceding the 
giant impact would result in strongly depleted refractory element concentrations and fractionated elemental ratios relative to the BSM constraints.
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et al., 2022; Lock and Stewart, 2017; Stewart and Leinhardt, 2011).

3. Conclusions

In the Moon-forming giant-impact scenario, the internal composi
tional heterogeneity of the pre-impact bodies and the impact-driven 
sampling should collectively shape the initial composition of the lunar 
disk. However, these two key parameter spaces have yet to be jointly 
incorporated into a unified numerical framework for evaluating lunar 
origin models. Here, we present a new modeling approach that in
tegrates both dimensions of constraint to further test competing Moon- 
formation hypotheses. We apply this framework to the canonical giant- 
impact model, which preferentially samples the shallow silicate mantles 
of the colliding bodies to form the proto-lunar disk. Our modeling shows 
that the canonical model predicts a highly fractionated disk composition 
relative to Earth’s—in both refractory element concentrations and 
ratios—posing a challenge to explaining the near-identical Earth–Moon 
refractory element composition. Instead, the observed similarity implies 
a need for extensive post-impact homogenization of the disk, an 
outcome more feasibly achieved under a high-energy impact scenario 
such as the Synestia model. Our framework offers a promising avenue 
for future investigations, including integration with thermo-chemical 
mantle heterogeneity models, high-resolution dynamical simulations, 
and the giant-impact formation of other planetary bodies.
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