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COSMOCHEMISTRY

The Moon-forming impactor 
Theia originated from the inner 
Solar System
Timo Hopp1,2*, Nicolas Dauphas1,3, Maud Boyet4,  
Seth A. Jacobson5, Thorsten Kleine2 

The Moon formed from a giant impact of a planetary  
body, called Theia, with proto-Earth. It is unknown whether  
Theia formed in the inner or outer Solar System. We  
measured iron isotopes in lunar samples, terrestrial rocks,  
and meteorites representing the isotopic reservoirs  
from which Theia and proto-Earth might have formed.  
Earth and the Moon have indistinguishable mass-independent 
iron isotopic compositions; both define one end of the range 
measured in meteorites. Combining our results with those for 
other elements, we performed mass balance calculations for  
Theia and proto-Earth. We found that all of Theia and most  
of Earth’s other constituent materials originated from  
the inner Solar System. Our calculations suggest that Theia  
might have formed closer to the Sun than Earth did.

The Moon is thought to have formed following a giant impact be-
tween a Mars-sized body, called Theia, and proto-Earth (1, 2). Most 
models of this process predict that the Moon is predominantly com-
posed of material derived from Theia. If Theia was isotopically dis-
tinct from proto-Earth, then this would produce an isotopic 
difference between the Moon and Earth’s mantle. Such isotopic dif-
ferences between planetary objects can arise through radioactive 
decay, isotopic fractionation processes, and the uneven distribution 
of presolar materials in the Solar System’s protoplanetary disk. The 
latter can indicate a planet’s provenance by comparison with non-
carbonaceous (NC) and carbonaceous chondrite (CC) meteorites, 
which are thought to represent the inner and outer Solar System, 
respectively (3–6). Determining the nucleosynthetic isotopic com-
position of Theia could therefore indicate whether it formed in the 
inner (7–9) or outer Solar System (10–12).

Measurements of lunar samples have shown that Earth and the 
Moon have similar mass-independent isotopic compositions for all 
measured elements, including oxygen (O), calcium (Ca), titanium (Ti), 
chromium (Cr), zirconium (Zr), and tungsten (W) (8, 13–19). Several 
explanations have been proposed for this isotopic similarity: (i) Theia 
and proto-Earth might have formed in the same region of the proto-
planetary disk (20); (ii) the Moon could be derived predominantly 
from the mantle of proto-Earth (13, 21); (iii) the Moon and Earth’s 
mantle incorporated equal proportions of material from Theia and 
proto-Earth (22); or (iv) the Moon and Earth's mantle compositions 
were homogenized owing to extensive mixing and isotopic exchange 
following the giant impact (23, 24). The lack of measurable isotopic 
differences and uncertainty over which process caused this have pre-
vented a determination of Theia’s formation region.

Iron isotopic measurements
We measured the iron (Fe) isotopic compositions of 15 terrestrial 
rocks, 6 lunar samples retrieved by the Apollo missions, and 20 un
differentiated NC meteorites [enstatite chondrites (ECs), ordinary 
chondrites (OCs), and Rumuruti-type chondrites]. After purification 
of Fe by ion exchange chromatography, the isotopic measurements 
were conducted using multicollector inductively coupled plasma 
mass spectrometry (25). The data are reported as μ54Fe and μ58Fe val
ues (table S1), which express the 54Fe/56Fe and 58Fe/56Fe ratios in the sam
ple, normalized to a fixed 57Fe/56Fe, as deviations in parts per million 
relative to a synthetic standard solution: μiFe = [(iFe/56Fe)sample/
(iFe/56Fe)standard − 1] × 106, where i represents the atomic mass of each 
measured isotope.

The Fe isotopic compositions of all the terrestrial samples are in-
distinguishable (Fig. 1A), with average values of μ54Fe = 0 ± 1 and μ58Fe = 
+1 ± 3; all uncertainties are 95% confidence intervals. We take this 
composition to be representative of Earth’s mantle, referred to as the 
bulk silicate Earth (BSE). The Fe isotopic compositions of 14 ECs are 
indistinguishable from each other (Fig. 1B), with average μ54Fe = +6 
± 1 and μ58Fe = 0 ± 2. This μ54Fe difference between ECs and the BSE 
indicates that ECs cannot be the sole isotopic reservoir from which 
Earth is derived.

For the six lunar samples, we found that μ54Fe and μ58Fe are anti-
correlated (Fig. 1C). This is consistent with exposure of some of the 
samples to galactic cosmic rays (GCRs), which causes secondary neu-
tron capture that is predicted to produce a negative correlation 
(25–27). Previous measurements of meteorites with low GCR expo-
sure displayed no variations in μ58Fe values (6, 27, 28). We therefore 
expect the μ58Fe value of the Moon’s mantle [the bulk silicate Moon 
(BSM)], prior to GCR exposure, to be zero and attribute all the μ58Fe 
variations among the lunar samples to GCR effects. Three samples 
have similar μ54Fe and near-zero μ58Fe values, indicating that these 
are unaffected by GCR; their weighted average is μ54Fe = +2 ± 3 
(25). Thus, the μ54Fe values of the BSM (+2 ± 3) and BSE (0 ± 1) are 
indistinguishable.

Unsampled constituents of Earth and the Moon
The NC meteorites exhibit correlations between the isotopic anoma-
lies of multiple elements with different geochemical behavior. For Fe 
and Zr, the BSE lies beyond the range of measured compositions of 
meteorites but on the same correlation line (Fig. 2) (29–31); therefore, 
the BSE cannot be explained by mixtures of NC and CC meteorites. 
There are several potential explanations for the composition of BSE 
lying at one end of the range observed in meteorites, including that 
(i) proto-Earth and Theia had the same isotopic composition and both 
incorporated material that is not recorded in meteorites; (ii) proto-
Earth’s mantle (PEM) had a composition not recorded in meteorites, 
whereas Theia’s isotopic composition was within the range of mete-
orites; or (iii) Theia had an isotopic composition not recorded in 
meteorites and the PEM’s isotopic composition was within the mete-
oritic range.

The isotopic composition of BSE for elements with different geo-
chemical behavior reflects the materials that accreted during different 
stages of Earth’s growth (32). For lithophile (rock-loving, predomi-
nantly in the mantle and crust) elements, such as Zr, the isotopic 
composition of BSE is determined by Earth’s full accretion history 
(fig. S1). For moderately siderophile (metal-loving, predominantly in 
the core) elements, such as Fe and molybdenum (Mo), the isotopic com
position of BSE reflects the final ~40 and ~10%, respectively, of material 
accreted by Earth, because any of those elements that were contained 
in material that was accreted earlier will have partitioned into the core 
(figs. S1 and S2) (32). For highly siderophile elements, such as ruthe-
nium (Ru), their abundances in the BSE were predominantly set after 
core formation ceased, during the final ~0.5% of Earth’s accretion 
(known as late accretion or the late veneer) (33, 34). Lithophile and 
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highly siderophile elements predominantly record earlier and later 
stages of Earth's accretion, respectively. Because the formation of 
the Moon occurred near the end of Earth's accretion process (1, 2), 
Theia likely supplied a considerable amount of siderophile elements 
to the BSE. If proto-Earth and Theia were isotopically distinct, then 
we would expect the isotopic composition of a siderophile element 
in BSE to be closer to that of Theia than for a lithophile element. Com
paring the isotopic anomalies of siderophile and lithophile elements 
in the BSE and BSM can therefore constrain the isotopic composi-
tion of Theia.

Mass-balance calculations
Most giant impact models predict that there is no isotopic homogeni-
zation and that the Moon predominantly consists of material from 
Theia (1, 2). In this case, which we refer to as the canonical model, 
the isotopic similarity between the BSE and BSM requires that Theia 
and proto-Earth had similar isotopic compositions, implying that 
both formed in the same region of the protoplanetary disk (8, 16, 20) 
(figs. S3 and S4). However, dynamical models of planet formation 
predict that Earth accreted material that originated from multiple 
regions of the disk (35). Given the measured isotopic variations 
among meteorites and planets, this makes it unlikely that Theia and 
proto-Earth had identical compositions (3, 15, 23).

In the canonical model, the BSE and the BSM are also expected to 
have different 182W signatures, caused by radioactive decay of hafnium-
182 (182Hf). Variations in 182W reflect the timescales and conditions of 
core formation, which were likely different for Theia and proto-Earth 
because of their different accretion history (36). However, only a small 
difference in 182W between Earth and Moon rocks has been measured, 
which can be explained by either radioactive decay in the Moon (37) 
or disproportional late accretion to Earth and the Moon (18, 19). It has 
therefore been argued that the BSE and BSM had indistinguishable 
182W signatures immediately after the giant impact. This is a possible 
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Fig. 1. Fe isotopic compositions of terrestrial rocks, lunar rocks, and meteorites. 
μ54Fe and μ58Fe data are from our laboratory measurements (table S1). Error bars 
indicate 95% confidence intervals. Horizontal and vertical black lines represent the 
composition of the reference standard solution (zero by definition). Open symbols 
represent individual samples and solid symbols the calculated average compositions. 
(A) Samples of terrestrial rocks have indistinguishable Fe isotopic compositions,  
with average μ54Fe = 0 ± 1 and μ58Fe = +1 ± 3. (B) Samples of undifferentiated NC 
meteorites (ECs, OCs, and Rumuruti-type chondrites) have nonzero isotopic 
anomalies in μ54Fe. (C) Lunar samples have anticorrelated values of μ54Fe and μ58Fe. 
The black regression line (shaded region represents the 95% confidence intervals) is 
consistent with exposure of the samples to GCRs, which is expected to move the 
isotopic composition in the direction indicated by the black arrow. Open squares 
represent samples that were affected by GCRs and so were discarded from our 
analysis. Three lunar samples (open circles) have μ58Fe consistent with zero and 
similar μ54Fe values; their weighted average, μ54Fe = +2 ± 3 (solid circle), was taken 
to reflect the BSM.
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Fig. 2. Fe and Zr isotopic compositions of Earth’s mantle, the Moon, and 
meteorites. μ54Fe and μ96Zr are shown for different sample types (see legend); 
data are from this study and previous work (table S2) (29, 30, 49). Error bars 
represent 95% confidence intervals. The black line shows a linear regression fitted 
to the NC data (red circles), with the gray shaded region indicating the 95% 
confidence intervals. Earth’s mantle (BSE, green square) and the Moon’s mantle 
(BSM, gray circle) are outside the range of NC meteorites and furthest away from 
CC meteorites.
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but unlikely outcome of canonical giant impact models (38, 39). 
Because 182W variations are produced by radioactive decay, this argu-
ment holds regardless of whether proto-Earth and Theia originated 
in the same region of the disk.

Alternative (noncanonical) giant impact scenarios have been pro-
posed to account for the isotopic similarity between Earth and the 
Moon. These models either produce the Moon predominantly from 
PEM material (13, 21) or enable isotopic homogenization of the BSE 
and BSM (23, 24). These scenarios do not require PEM and Theia to 
have had similar isotopic compositions but do imply that measure-
ments of lunar samples provide no direct information on Theia’s 
original isotopic composition.

For different assumed isotopic compositions iE (where E represents 
an arbitrary element) of the PEM, we determined possible isotopic 
compositions of Theia through mass-balance calculations. We used the 
measured composition of Earth’s mantle, μiEBSE, as a proxy for both 
the present-day BSE and the Moon (25). Then mass balance requires

where μiETheia and μiEPEM are the model isotopic compositions of Theia 
and PEM, and xE is the mass fraction of element E in the BSE that was 
delivered by Theia. We rearranged Eq. 1 to calculate μiEPEM for differ-
ent assumed values of μiETheia:

The value of xE depends on the mass of the impactor. For sidero-
phile elements, xE also depends on the assumed redox states of 
proto-Earth and Theia, which affects the partitioning of siderophile 
elements between the silicate mantle and metallic core, and the 
degree to which Theia’s core equilibrated with PEM (figs. S1 and S2) 
(25, 32). To cover the range of potential xE values, we calculated μiETheia 
and μiEPEM separately for several impactor masses: a small Theia, 
5% of Earth’s mass (21); a canonical model, with Theia having 10% 
of Earth’s mass (1, 2); and a large Theia, 50% of Earth’s mass (22) 
(table S3). For the small and canonical impactors, xE was estimated 
from a previous model (32), assuming that Theia was the last giant 
impact on Earth (figs. S1 and S2). For the large (half-Earth) impac-
tor (fig. S5), we assumed that 50% of all elements in BSE came from 
Theia (22).

Our mass balance calculations only require measurements of the 
BSE composition (Eqs. 1 and 2). We therefore included Mo in our 
model, even though its isotopic signature has not been measured in 
lunar samples. Because Mo is more siderophile than Fe, it records 
the final ~10% of Earth’s accretion, so a substantial fraction of Mo in 
the BSE could come from Theia (12). Some of the Mo in BSE was 
delivered by late accretion after the giant impact, likely by NC mate-
rial (34, 40, 41). To account for this, we corrected the BSE Mo isotopic 
composition using the fraction of Mo delivered by late accretion, 
which we calculated to be xMo-LV = 0.16 (25), and assuming an 
enstatite chondrite-like isotopic composition for the late veneer (25). 
This correction is small, shifting μ94Mo of the BSE from +4 ± 6 to 
−2 ± 7; we adopted the corrected value in the mass balance calcula-
tions. If we instead assume an Ivuna-type carbonaceous chondrite 
(CI) isotopic composition of the late accreted material, the results 
change only slightly (table S4).

Determining Theia’s isotopic origin
Our mass balance calculations provide the composition of PEM for 
different assumed compositions and masses of Theia. In most cases, 
we found that PEM is required to have had negative anomalies for 
Fe, Zr, and Mo (Fig. 3 and fig. S5). Such negative anomalies have not 

been measured in meteorites. The calculated PEM composition is 
closer to meteoritic compositions when the impactor is small and 
has CI- or EC-like compositions. For a small Theia with CI-like com-
position, we calculated that PEM had μ54Fe = 0 ± 1 and μ96Zr = −3 
± 3, whereas for a small EC-like Theia, we obtained μ54Fe = −1 ± 1 
and μ96Zr = 0 ± 2. These values are indistinguishable from the cur-
rent BSE composition. For Mo, we calculated that PEM had μ94Mo = 
−98 ± 49 and −50 ± 18 for a small CI-like and EC-like Theia, which are 
both distinct from BSE (Fig. 3E).

We also calculated the composition of Theia for different assumed 
PEM compositions (Fig. 4 and fig. S5). If proto-Earth’s composition 
was within the meteoritic range, then Theia must have had a com-
position outside the meteoritic range, with negative μ54Fe, μ96Zr, and 
μ94Mo values. For CI- or CC-like isotopic compositions of PEM, the 
calculated Fe and Zr isotopic compositions of Theia would be highly 
anomalous, far outside the range measured for meteorites. For ex-
ample, CI chondrites have a similar Fe isotopic composition to Earth’s 
mantle (42) but large positive μ96Zr anomalies (43, 44). Therefore, if 
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Fig. 3. Mass-balance calculations for different compositions of Theia. Results 
are shown for (A and B) Fe, (C and D) Zr, and (E and F) Mo. Each panel shows the 
isotopic composition μiE as a function of the mass fraction of element E in the BSE 
that was delivered by Theia (xE) under two scenarios: [(A), (C), and (E)] a small 
0.05–Earth masses impactor and [(B), (D), and (F)] a canonical 0.1–Earth masses 
impactor. Error bars indicate 95% confidence intervals. The colored lines follow the 
mass balance between the assumed isotopic composition of Theia (filled 
diamonds), the measured isotopic composition of Earth’s mantle (BSE, filled green 
squares), and the calculated isotopic composition of PEM (open circles). The 
shaded areas indicate the range of isotopic compositions measured in planetary 
materials (table S2). For Theia, isotopic compositions similar to NC meteorite 
groups (EC and OC) and CC meteorite groups [CI and Vigarano-type carbonaceous 
chondrites (CV)] are assumed (see legend). Results for a 0.5–Earth mass impactor 
are shown in fig. S5. The calculated compositions for each scenario are summa-
rized in table S3.
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PEM had a CI-like isotopic composition, then it would require Theia 
to be extremely anomalous, with μ96Zr between –81 (for a half-Earth 
impactor) and –1557 (for a small impactor). By contrast, an NC-like 
PEM generally implies much less anomalous Theia compositions for 
Fe, Zr, and Mo (Fig. 4 and table S3). In all our calculations, some 
exotic material (material with an isotopic composition outside the 
range measured in meteorites) is always required, but it is less exotic 
if proto-Earth was similar to NC meteorites and close in composition 
to the BSE.

We obtained more stringent constraints by examining multiple ele-
ments simultaneously. Isotopic anomalies are correlated among NC 
materials, indicating that they arose through two-component mixing 
(30, 45). One of these components is not present in measured meteor-
ites, but must form an endmember of the NC correlation, characterized 
by negative μ54Fe, μ96Zr, and μ94Mo but positive μ54Cr values (29, 30). 
In plots of μ94Mo versus μ54Cr (Fig. 5) and μ54Fe versus μ54Cr (fig. S6), 
the BSE is located below the NC correlation and away from CC and CI 
meteorites (29). We interpreted these offsets as due to the different 
siderophile behaviors of Cr, Fe, and Mo, leading to different fractional 
contributions from Theia (xE values).

Figure 5 shows the compositions of different hypothetical compo-
nents that would be required to explain the BSE composition in the 
small impactor scenario, which provides the fewest constraints on 
Theia when examining individual elements separately (Figs. 3 and 4). 
If either Theia or the PEM had CC- or CI-like compositions, then the 
hypothetical component would need to be far on the other side of the 
NC correlation, in a region that has not been measured in meteorites 
(Fig. 5A). If PEM had an EC-like composition, then the calculated Theia 
composition falls on an extrapolation of the NC correlation. The μ94Mo 
versus μ54Cr mixing curve for an EC-like PEM with this hypothetical 
Theia passes through the composition of BSE (Fig. 5B). In this case, 

the offset of the BSE away from the NC correlation is due to Theia’s dif-
fering contributions to the BSE’s Cr and Mo inventories (29).

Mo isotopic variations among meteorites primarily arise from vary-
ing amounts of material produced by the slow neutron capture process 
(s-process) (46, 47), with additional variations from the rapid neu-
tron capture process (r-process), which contributed more to the CC 
reservoir than to the NC reservoir (5). Mo in the BSE also has a small 
r-process enrichment compared to NC meteorites, indicating a small 
contribution from CC material (11, 12). This CC contribution can be 
reconciled with an NC origin of Theia if the impactor was small or if 
there was little mixing between Theia’s core and PEM; in this case, 
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the CC material would have been delivered shortly before the Moon-
forming impact (11, 25).

The most plausible scenario is that both proto-Earth and Theia 
were predominantly formed from NC material and that Theia was 
likely more enriched in s-process material than were NC meteorites 
and the BSE. It has been proposed that the measured s-process varia-
tion among NC bodies reflects a heliocentric gradient in the inner 
Solar System (29, 30). If that is correct, then our preferred scenario 
implies that Theia formed closer to the Sun than did most of the 
material that accreted to form Earth. Ru isotopic compositions of 
some ancient Earth rocks display an enrichment in s-process nu-
clides, which has been interpreted as reflecting the Ru isotopic com-
position of Earth’s mantle prior to late accretion (48). Some of this 
Ru could derive from the Moon-forming impactor, consistent with 
our finding of an s-process–enriched composition of Theia.
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