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The origin of the Moon’s Earth-like tungsten
isotopic composition from dynamical
and geochemical modeling

Rebecca A. Fischer® 3™ Nicholas G. Zube® 23 & Francis Nimmo® 2

The Earth and Moon have identical or very similar isotopic compositions for many elements,
including tungsten. However, canonical models of the Moon-forming impact predict that the
Moon should be made mostly of material from the impactor, Theia. Here we evaluate the
probability of the Moon inheriting its Earth-like tungsten isotopes from Theia in the canonical
giant impact scenario, using 242 N-body models of planetary accretion and tracking tungsten
isotopic evolution, and find that this probability is <1.6-4.7%. Mixing in up to 30% terrestrial
materials increases this probability, but it remains <10%. Achieving similarity in stable iso-
topes is also a low-probability outcome, and is controlled by different mechanisms than
tungsten. The Moon's stable isotopes and tungsten isotopic composition are anticorrelated
due to redox effects, lowering the joint probability to significantly less than 0.08-0.4%. We
therefore conclude that alternate explanations for the Moon's isotopic composition are likely
more plausible.
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he Earth and Moon have similar or identical isotopic

compositions for many elements, including O (e.g., see

refs. 12), Ti3, and Cr (e.g., see ref. 4). They have slightly
different W isotopic compositions, but this difference is approxi-
mately equal to the effects of disproportionate chondritic late
accretion, so that their pre-late veneer W isotopic compositions
were likely the same>®. These observations have inspired many
theories of lunar formation, including different dynamical regimes
for the Moon-forming impact that create more mixing’~19, post-
impact Earth-Moon isotopic equilibration via vaporized
silicate! 12, and Earth and Theia coincidentally having the same
isotopic composition (e.g., see ref. 13).

Several previous studies have evaluated the likelihood of the
Moon’s Earth-like oxygen isotopic composition being inherited
from Theia, finding probabilities ranging from <2% (see ref. 1) to
5-8% (see ref. 1) to 20-40% (see ref. 1°). It has also been shown
that this Theia-inheritance mechanism can reproduce the Moon’s
Earth-like Ca, Ti, and Cr isotopic compositions, but the prob-
abilities of doing so were not evaluated!®.

The Moon’s tungsten isotopic composition provides a funda-
mentally different and more restrictive constraint than these
stable isotopes (e.g., see ref. 17). In the early Solar System, the
now-extinct 182Hf decayed to 182W with a half-life of 9 Ma. Hf is
lithophile, whereas W is moderately siderophile, so they are
fractionated by core formation. A body’s mantle W isotopic
composition depends on the timescales of accretion and differ-
entiation and on the physical mechanisms of core formation
(pressure, temperature, oxygen fugacity, degree of metal-silicate
equilibration) (e.g., see refs. 18-21), not on source material.

Previous studies of the Moon’s W isotopic composition have
used inverse!3 or forward?? models to find parameters that can
explain the observed composition, demonstrating that it is pos-
sible for the Moon to inherit an Earth-like W isotopic composi-
tion from Theia but without constraining its probability. One
study used a forward model of Hf-W isotopic evolution based on
a small number of N-body simulations, showing that it is not
possible to form a Theia analog with both a Moon-like W isotopic
composition and a Moon-like Hf/W ratio!®. The N-body simu-
lations used in that study?? are similar to the Circular Jupiter and
Saturn (CJS) and Eccentric Jupiter and Saturn (E]JS) simulations
used here?4, with the main differences being a higher resolution
(more initial bodies) in the simulations used here and a much
larger number of simulations (100 CJS/EJS in this study versus 8
in ref. 1) to allow for more quantitative assessment of prob-
abilities. A Monte Carlo model showed that producing an Earth
and Moon with the same W isotopic composition by this
mechanism has a probability of <1%, if most (>80%) lunar
material derived from Theial”.

Here, we take a different approach, using detailed forward
models of accretion and core formation based on a large
number of dynamical simulations to better constrain the
probability of an Earth-like lunar W isotopic composition
inherited from Theia. We also consider the formation of the
Moon from an Earth-Theia mixture, but do not directly
quantify the probabilities of large extents of mixing or post-
impact equilibration since these hypotheses are sensitive to
different processes (e.g., dynamics of the Moon-forming impact
instead of core formation). We find that the probability of the
Moon inheriting an Earth-like tungsten isotopic composition
from Theia is <1.6-4.7%; forming the Moon from up to 30%
terrestrial materials increases this probability, but it remains
<10%. Reproducing the Moon’s Earth-like stable isotopic
composition is anticorrelated with tungsten due to redox
effects, decreasing the joint probability to <0.08-0.4% and
suggesting that other explanations for the Moon’s isotopic
composition may be more likely.

Results and discussion

Terrestrial and lunar 132W anomalies. Our models are based on
a large suite of N-body simulations of terrestrial planet accretion
in the inner Solar System: 50 CJS (see ref. 24), 50 EJS (see ref. 24),
and 142 Grand Tack (see ref. 25) simulations. Each simulation
began with ~80-100 larger planetary embryos and ~2000 smaller
planetesimals, whose orbital evolutions were tracked for 150-200
Ma until they accreted into planets (see refs. 242°) (see “Methods”
section). The simulations also included the Sun, Jupiter, and
Saturn. The three accretion scenarios considered here differ pri-
marily in the orbits and migration histories/timescales of the gas
giant planets, and their resulting effects on the extent and time-
scales of radial mixing in the disk (e.g., see ref. 2).

We tracked the isotopic evolution of Earth and Theia analogs
formed in these simulations (see “Methods” section) by coupling
the simulations to models of protracted core formation,
calculating their Hf-W isotopic signatures as tungsten partitions
between metal and silicate with each impact. We included the
effects of partial metal-silicate equilibration and an initial oxygen
fugacity gradient in the disk (see “Methods” section). The

radiogenic 182W excess in a body’s mantle is expressed as a 132W

XlBZVV X184\/\'
anomaly, &g = [W - 1} x 10%, where X182W and

X184W are mole fractions of 132W and 184W, respectively, and
CHUR is the chondritic uniform reservoir. The Earth and Moon
both have inferred pre-late veneer €,y = 2.2 (see ref. %), with a
measurement uncertainty of approximately +0.05 ¢ units on lunar
samples (see refs. >0) and an uncertainty of +0.15 ¢ units based on
the calculated pre-late veneer composition of the Earth (see
ref. ®). &15,w depends on the abundance of radiogenic 182Hf (and
thus Hf in general), as well as the abundance of a stable isotope of
W. Therefore it is sensitive to the relative concentrations of Hf

. f o XlSOHf X184\'V
and W, quantified as fH/W = W -1

Figure 1 shows the evolution of mass, mantle WO; (the portion
of a body’s W budget hosted in silicates), and &g, in two
example Earth-Theia pairs. The Earth’s WO; generally increases
as it grows, because W becomes less siderophile at greater depths.
If Theia originates in the inner circumstellar disk with a reduced
composition, its WOj5 starts low and remains low due to the low
pressures and temperatures of its interior. If it starts in the outer
disk with an oxidized composition, its WO; is initially higher.
Seventy-three percent of Theia analogs in CJS/EJS simulations
and 23% in Grand Tack simulations have mass-weighted
semimajor axes (MWSMA) of 1.5 AU or greater, giving them
more oxidized compositions. &;g,w in Earth and sometimes Theia
is very high at early times (e.g., see ref. 21). This is because
reduced conditions and low pressures and temperatures cause W
to be more strongly siderophile (a high W metal-silicate partition
coefficient, Dy, = )ﬁ%)) resulting in low mantle WO; and a
higher proportion of radiogenic 82W in the mantle.

Theia often has a higher &;g,\ than Earth throughout much of
its evolution. Theia typically finishes its accretion earlier than
Earth, causing it to evolve to a higher &g,w!°. Theia is also
smaller than Earth, and the lower pressures and temperatures
make W more siderophile, which also increases €;g,w. Oxidized
Theia analogs from the outer disk have lower &;g,yy, since W is
less siderophile under oxidizing conditions.

The Earth and Theia were tracked until their collision, then a
Moon was formed from Theia material with single-stage core
formation and no post-impact mixing or equilibration (see
“Methods” section). As an endmember case, we begin by
considering the formation of the Moon from entirely Theia
materials, then later discuss the effects of mixing Earth and Theia
materials to form the Moon. Figure 2 shows terrestrial and lunar
€130w> evolved to the present, for various degrees of metal
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Fig. 1 Evolution of mantle W in Earth and Theia analogs. As Earth and
Theia accrete, their masses increase in a stepwise fashion (a). Their mantle
tungsten abundances (WOs in mantle) also generally increase, depending
on the evolution of their oxidation states (b). Their mantle ego\ increase
between impacts as 182Hf decays into 182W, faster at earlier times and
slower after more half-lives of 182Hf (~9 Ma) have passed. With each
impact, metal-silicate equilibration draws down the 182W in the mantle,
decreasing e1gow (€). €182w can reach very high values at early times,
because W is more strongly siderophile at low
pressure-temperature-oxygen fugacity conditions. Two example
Earth-Theia pairs are shown (light and dark blue) from Eccentric Jupiter
and Saturn (EJS) simulations. Solid lines: Earth analogs. Dotted lines: Theia
analogs. Gray shaded regions indicate Earth values>43. Thin vertical solid
lines with black arrows represent the Moon-forming impacts.

equilibration k, assuming the Moon formed entirely from Theia
materials. For k = 0.4, CJS/E]JS Earth analogs match the observed
€182w on average?!, but many Moon analogs have anomalies that
are too high. For a lunar Dy = 30, 75% of CJS/EJS Moon analogs
have €5, that are higher than the observed value (median 3.9),
compared to 48% of Earth analogs (median 2.1). For k=0.8,
Grand Tack Earth analogs match the observed ;5w on

average?’, but again many Moon analogs have high anomalies.
For a lunar Dy =30, 85% of Grand Tack Moon analogs have
£13ow that are higher than the observed value (median 6.7),
compared to 54% of Earth analogs (median 2.3).

Probability of an Earth-like lunar &55w. On average, modeled
lunar &;g, are higher than the measured value when the Moon
analog is formed from Theia material (Fig. 2)!7, but some Moon
analogs have lower anomalies. Because planetary accretion is a
highly stochastic process, we now consider only model runs that
produce an Earth-like pre-late veneer 182W anomaly of 2.2 + 0.15
in our Earth analogs®, and evaluate how many of these cases
result in a Moon analog with a similar anomaly. We use values of
k ranging from 0.1 to 1, and combine results from different k to
achieve better statistics.

Figure 3 shows the probability of the Earth and Moon analogs
having the same &g, within a given tolerance, given that the
Earth analog has an Earth-like anomaly. With a tolerance of
10.15 ¢ units based on the uncertainty in the Earth’s pre-late
veneer composition®, and forming the Moon entirely from Theia
materials (Fig. 3a), there is a <1.6-4.7% chance of the Moon
analog coincidentally having an Earth-like &4, via this
mechanism. Using a smaller tolerance than +0.15, more similar
to measurement precision (e.g., see refs. >¢), would result in an
even lower probability of forming a Moon with an Earth-like
€1gow- This probability applies to CJS, EJS, and Grand Tack
scenarios, and to different values of k and lunar Dyy (values of Dyy
in the range 30-250 were not found to have significantly different
probabilities of an Earth-Moon match). Note that at larger
Earth-Moon tungsten anomaly differences, the Grand Tack
scenario generally produces lower cumulative probabilities, since
its planets form faster, resulting in larger &,5,w?’. A probability of
<1.6-4.7% is qualitatively consistent with earlier work showing
that it is possible to produce an Earth-like &g, in the Moon in
some instances!>192228_ Qur findings agree well with an earlier
study suggesting that this is a low probability event, with a
likelihood on the order of 1% (see ref. 17), but here we have
quantified this probability using dynamically-consistent accretion
and core formation models, with provenance and mass evolution
constrained by N-body simulations.

This probability can be increased by considering a Moon
formed from a mixture of Earth and Theia. For example, for CJS/
EJS simulations and a lunar Dyy = 30, Moons formed entirely of
Theia materials have a 1.9% chance of matching the Earth’s &g,
within +0.15 € units. Forming the Moon out of 90% Theia + 10%
Earth increases this probability to 3.8%, while using 70-80%
Theia + 20-30% Earth increases the probability to 9.4%, and
using 50% Theia + 50% Earth results in a 17.0% probability of a
match (Fig. 3b). Similar results were found using Dy = 150: for
example, a Moon formed from 70% Theia + 30% Earth has a
7.5% probability of matching the Earth’s &4,y within +0.15 ¢
units. These probabilities are slightly higher than those reported
in a previous study based on a Monte Carlo modell”, which
found an Earth-Moon &g,y match in <1% of cases when >80%
of lunar material derived from Theia, and in <5% of cases when
<20% of the Moon derived from Theia, though the results of these
two studies are in qualitative agreement that an Earth-Moon
match is a low probability event.

Implications for lunar formation scenarios. It is possible to
form a Moon with an Earth-like €4,y by inheriting it primarily
from Theia, but the probability is very low. The Hf-W isotopic
system provides a different constraint than stable isotopes,
reflecting the timing and mechanisms of core formation rather
than source regions. Producing an Earth-like oxygen isotopic
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Fig. 2 Final £1g2w of Earth-Moon pairs. The 1:1 line represents an identical '82W anomaly in the Earth and Moon as observed, a low-probability event. Gray
shaded boxes: actual pre-late veneer &5, in the Earth and Moon®. Symbol shape indicates accretion scenario; symbol color indicates the time of the
Moon-forming collision (expressed as time since Solar System formation). Results are shown for a lunar W metal-silicate partition coefficient D\y = 30 and
whole mantle equilibration. In a, the fraction of equilibrating metal was k = 0.4, which provides the best match to Earth's &,y on average in Circular
Jupiter and Saturn (CJS) and Eccentric Jupiter and Saturn (EJS) scenarios;!%21 in b, it was k = 0.8, which provides the best match to Earth's &gow on
average in the Grand Tack scenario?’. Lunar egow Was calculated assuming that the Moon formed entirely from Theia materials, with no terrestrial
component. While CJS/EJS Earth analogs in a and Grand Tack Earth analogs in b match the observed &g, on average, 75 and 85% of Moon analogs,
respectively, have anomalies that are too high.
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Fig. 3 The probability of an Earth-like lunar £,8>w. The cumulative probability of a range of Earth-Moon &g,y differences is shown, given an Earth-like
terrestrial e1gow of 2.2 £0.15 (see ref. ). Vertical dotted lines indicate the maximum Earth-Moon &5, difference allowed based on calculations of the
Earth's pre-late veneer composition, £0.15 ¢ units (see ref. ), and the gray shaded rectangles indicate the corresponding maximum probability of forming
an Earth-Moon pair with an e;gow difference no larger than this. Results for various fractions of equilibrating metal k (in the range 0.1-1) are combined.
a Results for four combinations of accretion scenarios and lunar W metal-silicate partition coefficient Dyy, with the Moon made entirely of Theia materials
(no terrestrial component). Blue lines: Circular Jupiter and Saturn (CJS) and Eccentric Jupiter and Saturn (EJS) simulations, combined. Green lines: Grand
Tack simulations. Solid lines: Dyy = 30. Dashed lines: Dy = 150. With the Moon made entirely from Theia materials, <1.6-4.7% of Earth-Moon pairs have
e18ow differences of <0.15 ¢ units. b The effect of mixing Earth and Theia materials to form the Moon, with 0-50% of the mass of the Moon coming from
the Earth (indicated by color). Results are shown for CJS/EJS simulations and D\y = 30. In this case, the probability of an Earth-Moon pair having an &;gow
difference of <0.15 & units ranges from 1.9% (0% Earth materials) to 9.4% (20-30% Earth materials) to 17.0% (50% Earth materials). These probabilities
are for W isotopes alone, and may be significantly lower when also considering stable isotopes.

composition in the Moon (e.g., see refs. 1:2. cf.2%) would have also
been a low-probability event (e.g., see refs. 111415) If the Moon’s
isotopic composition was indeed inherited from Theia, both of
these low probability events would have to have occurred. With a
probability of 5-8% for oxygen (see ref. 14) and <1.6-4.7% for
tungsten, the likelihood of the Moon inheriting Earth-like O and

W isotopic signatures simultaneously is only <0.08-0.4%. This
probability may be lower by a factor of >3-4 (see ref. 1) or higher
by a factor of ~4-5 (see ref. 1°) if different estimates for the
probability of an Earth-like lunar O isotope signature are used.

This analysis assumes that inheriting Earth-like O and W
isotopic compositions are independent events, but in actuality
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they are anti-correlated, so the true probability is even lower than
this. Producing a Moon with a Moon-like AW requires the
accretion of a lot of oxidized material from the outer disk,
otherwise tungsten is too siderophile at the low pressures and
temperatures of the interiors of Theia and the Moon. Moon
analogs with a Moon-like fo/W and €4, have MWSMA much
more similar to Mars than to Earth (Supplementary Fig. 1). Mars
and Earth have different O isotopic compositions (e.g., see ref. 30).
If Theia originated from a Mars-like MWSMA and the Moon
derived primarily from Theia, the Moon would be expected to
have a stable isotopic composition more similar to Mars than to
Earth, contrary to observations, though there is considerable
uncertainty in the initial stable isotope distribution in the
protoplanetary disk (e.g., see ref. 14). Moon analogs with an
Earth-like MWSMA have a very high AW of ~100 and &4,
values that are significantly higher than the Moon’s on average
(Supplementary Fig. 1).

A previous study concluded that Theia had to have AW of
~8-30 and ¢;gw of ~3.5-7 to produce a Moon with the observed
values, based on Monte Carlo modeling!>. Our CJS/EJS
simulations produce 20 Theia analogs with MWSMA <1.5 AU
(similar to the Earth, to match the stable isotope constraints). Of
these Theia analogs, 0/20 have AW = 8-30 (median 1100) and
3/20 have €,g,w = 3.5-7 (median 34). Similarly, our Grand Tack
simulations produce 186 Theia analogs with MWSMA <1.5 AU,
of which 2/186 have fAf/W —=8-30 (median 1700) and 14/186
have &5, = 3.5-7 (median 25), due to the low pressures and
temperatures of their interiors, reduced conditions in the inner
disk, and rapid accretion. While in principle these Theia f/W
and &g, could produce a Moon having an Earth-like isotopic
composition, our dynamical models show that such a parameter
combination in the inner disk is very unlikely.

Because of the anti-correlated constraints, the probability of
producing a Moon with an Earth-like isotopic composition
inherited from Theia is actually significantly lower than the
<1.6-4.7% chance of matching &g\ alone, or the <0.08-0.4% if
tungsten and oxygen isotopes were independent. As a result, we
consider the Theia inheritance model to be difficult to reconcile
with isotopic observations. Alternative models such as enhanced
Earth-Theia mixing (e.g., see refs. 7719) or post-impact
equilibration (e.g., see refs. 1112) are likely to have a higher
probability of reproducing the observed isotopic compositions.
For example, high energy giant impacts that can potentially allow
post-impact isotopic equilibration were common in the end-
stages of accretion, with ~85% of bodies experiencing at least one
late giant impact with a modified specific impact energy of >2 x
106]/kg (see ref. 12). Achieving a high degree of Earth-Theia
mixing when the two bodies are similar sizes requires impact
velocities that are common in accretion simulations, with ~20%
of planets experiencing an impact with a mass ratio of 20.4 (see
ref. 7). Future studies should focus on further quantifying the
probabilities of these scenarios using dynamical and geochemical
constraints.

Methods

N-body accretion simulations. The 50 CJS and 50 EJS simulations2* were run
using the MERCURY code3!. The CJS case had Jupiter and Saturn on non-
eccentric orbits as predicted by the Nice Model (e.g., see ref. 32). In the EJS sce-
nario, Jupiter and Saturn were placed on their modern-day orbits. The CJS/EJS
simulations started with ~80 planetary embryos with masses of 0.01-0.06 Earth
masses (Mg) and ~2000 planetesimals with masses of ~0.001 Mg. The 142 Grand
Tack simulations?> were run using the Symba code®3. The Grand Tack scenario
involves an inward then outward migration of Jupiter and Saturn to truncate the
inner disk®*. These simulations started with ~100 planetary embryos and ~2000
planetesimals. Different simulations featured different embryo:planetesimal mass
ratios (1:1, 2:1, 4:1, or 8:1) and different embryo masses (0.025, 0.05, or 0.08 Mg,).
In all CJS, EJS, and Grand Tack simulations used here, all collisions were treated as
inelastic mergers, neglecting the possibility of hit-and-run or erosive impacts (e.g.,

see ref. 3). This is a reasonable approximation, as incomplete accretion has been
shown to have only a small effect on the resulting €;5,,°. These simulations have
been previously published, and further details may be found in those studies?425,

W isotopic calculations. Geochemical calculations were performed using two
different models of Hf-W isotopic evolution during core formation, a “full model”
and a “fast model”. The full model consisted of a detailed model of core
formation?!:37 tracking 13 elements, including Hf and W. This model included a
spatial gradient in initial oxygen fugacity in the disk, constrained to reproduce the
FeO contents of the terrestrial and Martian mantles on average: 4 log units below
the iron-wiistite buffer (IW-4) inside of 1.5 AU, and IW-1.5 outside of 1.5 AU
(e.g., see refs. 37:38). As planets accreted and differentiated, their oxygen fugacities
were evolved self-consistently>®. The metal-silicate partition coefficient of tungsten
Dy (as well as those of all other elements) varied with changing pressure, tem-
perature, composition, and oxygen fugacity?? in a planet’s interior as it grew. The
full model was primarily used in calculations based on CJS/EJS N-body accretion
simulations?%, The fast model was simpler, designed for more rapid exploration of
parameter space?’. This model tracked only Hf and W, and used a constant value
for Dy, with a spatial gradient in initial AW in the disk!® to reproduce the
observed variation in fff/W between Earth and Mars. The fast model was primarily
used in calculations based on Grand Tack N-body simulations®>.

The full model identified Earth analogs as the largest surviving planet with a
mass of 0.67-1.5 Mg and a semimajor axis of 0.75-1.25 AU, and the fast model
identified Earth analogs as any surviving planet with a mass of 0.5-2 Mg and a
semimajor axis of 0.387-1.524 AU. In both models, Theia analogs were defined as
the last body to collide with the Earth that contained at least one planetary embryo.
Both models included variable degrees of metal equilibration k, used here with
whole mantle equilibration. Results from CJS and EJS simulations were combined,
due to their resulting isotopic signatures being statistically indistinguishable.
Results from different values of k were combined to obtain probabilities. The two
models were benchmarked against each other using Grand Tack simulations?>,
showing agreement in Earth’s &5,y to within typically <0.4 & units (Supplementary
Fig. 2). Both of these models have been previously applied to studying Earth
analogs; further details of the models may be found in those studies?’%”.

The Hf-W isotopic evolution of Earth and Theia analogs was tracked until the
time of the Moon-forming impact. A Moon analog was formed from a portion of
Theia, having the mass of the Moon and a core that was 2% of its total mass. For
most of the results shown here, no terrestrial material was incorporated into the
Moon analog, as an end-member case. We also considered cases where the lunar
mantle was derived from a mixture of Theia and Earth materials, with up to 50%
Earth materials by mass. The Moon analog underwent an episode of single-stage
core formation, using a constant Dyy in the range 30-250 (e.g., see
refs. 1317:19.4142) ‘The Earth analog was assumed to accrete the Theia analog (Theia
analogs were much larger than the Moon). In Grand Tack simulations, the Earth
analog was also assumed to accrete the late veneer (defined as all planetesimals
accreted by an Earth analog after the Moon-forming impact, regardless of mass),
since the late veneer in these simulations usually contributes a substantial fraction
of the Earth analog’s mass. In CJS/EJS simulations, the small late veneer was not
accreted by the Earth analog. Finally, the Earth and Moon analogs were isotopically
evolved to the present for comparison with observations.

Data availability

The data that support the findings of this study are available within the paper and

its supplementary information files, or are available from the corresponding author upon
reasonable request.

Code availability
Custom computer codes used to generate the results reported in this paper are available
from the corresponding author upon reasonable request.

Received: 4 May 2020; Accepted: 5 November 2020;
Published online: 04 January 2021

References

1. Wiechert, U. et al. Oxygen isotopes and the Moon-forming giant impact.
Science 294, 345-348 (2001).

2. Young, E. D. et al. Oxygen isotopic evidence for vigorous mixing during the
Moon-forming giant impact. Science 351, 493-496 (2016).

3. Zhang, J., Dauphas, N., Davis, A. M., Leya, I. & Fedkin, A. The proto-Earth as
a significant source of lunar material. Nat. Geosci. 5, 251-255 (2012).

4. Lugmair, G. W. & Shukolyukov, A. Early solar system timescales
according to 53Mn-53Cr systematics. Geochim. Cosmochim. Acta 62,
2863-2886 (1998).

5. Kruijer, T. S., Kleine, T., Fischer-Gédde, M. & Sprung, P. Lunar tungsten
isotopic evidence for the late veneer. Nature 520, 534-537 (2015).

| (2021)12:35 | https://doi.org/10.1038/s41467-020-20266-1 | www.nature.com/naturecommunications 5


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Touboul, M., Puchtel, I. S. & Walker, R. J. Tungsten isotopic evidence for
disproportional late accretion to the Earth and Moon. Nature 520, 530-533
(2015).

Canup, R. M. Forming a Moon with an Earth-like composition via a giant
impact. Science 338, 1052-1055 (2012).

Cuk, M. & Stewart, S. T. Making the Moon from a fast-spinning Earth: a giant
impact followed by resonant despinning. Science 338, 1047-1052 (2012).
Rufu, R., Aharonson, O. & Perets, H. B. A multiple-impact origin for the
Moon. Nat. Geosci. 10, 89-94 (2017).

Reufer, A., Meier, M. M. M., Benz, W. & Wieler, R. A hit-and-run giant
impact scenario. Icarus 221, 296-299 (2012).

Pahlevan, K. & Stevenson, D. J. Equilibration in the aftermath of the lunar-
forming giant impact. Earth Planet. Sci. Lett. 262, 438-449 (2007).

Lock, S. J. et al. The origin of the Moon within a terrestrial synestia. J.
Geophys. Res. Planets 123, 910-951 (2018).

Dauphas, N., Burkhardt, C., Warren, P. H. & Teng, F.-Z. Geochemical
arguments for an Earth-like Moon-forming impactor. Philos. Trans. R. Soc. A
372, 20130244 (2014).

Kaib, N. A. & Cowan, N. B. The feeding zones of terrestrial planets and
insights into Moon formation. Icarus 252, 161-174 (2015).
Mastrobuono-Battisti, A., Perets, H. B. & Raymond, S. N. A primordial origin
for the compositional similarity between the Earth and the Moon. Nature 520,
212-215 (2015).

Dauphas, N. The isotopic nature of the Earth’s accreting material through
time. Nature 541, 521-524 (2017).

Kruijer, T. S. & Kleine, T. Tungsten isotopes and the origin of the Moon. Earth
Planet. Sci. Lett. 475, 15-24 (2017).

Kleine, T., Mezger, K., Palme, H. & Miinker, C. The W isotope evolution of
the bulk silicate Earth: constraints on the timing and mechanisms of core
formation and accretion. Earth Planet. Sci. Lett. 228, 109-123 (2004).
Nimmo, F., O'Brien, D. P. & Kleine, T. Tungsten isotopic evolution during
late-stage accretion: constraints on Earth-Moon equilibration. Earth Planet.
Sci. Lett. 292, 363-370 (2010).

Morishima, R., Golabek, G. J. & Samuel, H. N-body simulations of oligarchic
growth of Mars: implications for Hf~W chronology. Earth Planet. Sci. Lett.
366, 6-16 (2013).

Fischer, R. A. & Nimmo, F. Effects of core formation on the Hf-W isotopic
composition of the Earth and dating of the Moon-forming impact. Earth
Planet. Sci. Lett. 499, 257-265 (2018).

Wade, J. & Wood, B. J. The oxidation state and mass of the Moon-forming
impactor. Earth Planet. Sci. Lett. 442, 186-193 (2016).

O’Brien, D. P., Morbidelli, A. & Levison, H. F. Terrestrial planet formation
with strong dynamical friction. Icarus 184, 39-58 (2006).

Fischer, R. A. & Ciesla, F. ]. Dynamics of the terrestrial planets from a large
number of N-body simulations. Earth Planet. Sci. Lett. 392, 28-38 (2014).
Jacobson, S. A. & Morbidelli, A. Lunar and terrestrial planet formation in the
Grand Tack scenario. Philos. Trans. R. Soc. A 372, 20130174 (2014).
Fischer, R. A., Nimmo, F. & O’Brien, D. P. Radial mixing and Ru-Mo isotope
systematics under different accretion scenarios. Earth Planet. Sci. Lett. 482,
105-114 (2018).

Zube, N. G., Nimmo, F., Fischer, R. A. & Jacobson, S. A. Constraints on
terrestrial planet formation timescales and equilibration processes in the
Grand Tack scenario from Hf-W isotopic evolution. Earth Planet. Sci. Lett.
522, 210-218 (2019).

Nimmo, F. & Agnor, C. B. Isotopic outcomes of N-body accretion simulations:
constraints on equilibration processes during large impacts from Hf/W
observations. Earth Planet. Sci. Lett. 243, 26-43 (2006).

Cano, E. ], Sharp, Z. D. & Shearer, C. K. Distinct oxygen isotope compositions of
the Earth and Moon. Nat. Geosci. https://doi.org/10.1038/s41561-020-0550-0
(2020).

Franchi, I. A., Wright, L. P., Sexton, A. S. & Pillinger, C. T. The oxygen-
isotopic composition of Earth and Mars. Meteorit. Planet. Sci. 34, 657-661
(1999).

Chambers, J. E. A hybrid symplectic integrator that permits close encounters
between massive bodies. Mon. Not. R. Astron. Soc. 304, 793-799 (1999).
Gomes, R,, Levison, H. F., Tsiganis, K. & Morbidelli, A. Origin of the
cataclysmic late heavy bombardment period of the terrestrial planets. Nature
435, 466-469 (2005).

Duncan, M. J., Levison, H. F. & Lee, M. H. A multiple time step symplectic
algorithm for integrating close encounters. Astron. J. 116, 2067-2077 (1998).
Walsh, K. J., Morbidelli, A., Raymond, S. N., O’Brien, D. P. & Mandell, A. M.
A low mass for Mars from Jupiter’s early gas-driven migration. Nature 475,
206-209 (2011).

35. Asphaug, E. Similar-sized collisions and the diversity of planets. Chem. Erde
70, 199-219 (2010).

36. Dwyer, C. A,, Nimmo, F. & Chambers, J. E. Bulk chemical and Hf-W isotopic
consequences of incomplete accretion during planet formation. Icarus 245,
145-152 (2015).

37. Fischer, R. A, Campbell, A. J. & Ciesla, F. ]. Sensitivities of Earth’s core and
mantle compositions to accretion and differentiation processes. Earth Planet.
Sci. Lett. 458, 252-262 (2017).

38. Rubie, D. C. et al. Accretion and differentiation of the terrestrial planets with
implications for the compositions of early-formed solar system bodies and
accretion of water. Icarus 248, 89-108 (2015).

39. Rubie, D. C. et al. Heterogeneous accretion, composition and
core-mantle differentiation of the Earth. Earth Planet. Sci. Lett. 301, 31-42
(2011).

40. Shofner, G. A., Campbell, A. J., Danielson, L., Rahman, Z. & Righter, K.
Metal-silicate partitioning of tungsten from 10 to 50 GPa. Lunar Planet. Sci.
XLV, 1267 (2014).

41. Cottrell, E., Walter, M. J. & Walker, D. Metal-silicate partitioning of tungsten
at high pressure and temperature: Implications for equilibrium core formation
in Earth. Earth Planet. Sci. Lett. 281, 275-287 (2009).

42. Cottrell, E., Walter, M. J. & Walker, D. Erratum to “Metal-silicate
partitioning of tungsten at high pressure and temperature: implications for
equilibrium core formation in Earth. Earth Planet. Sci. Lett. 289, 631-634
(2010).

43. Palme, H. & O'Neill, H. St. C. in Treatise on Geochemistry, Vol. 2 (ed. Carlson,
R. W.) 1-38 (Elsevier, 2007).

Acknowledgements

This work was funded by a NASA Emerging Worlds grant (NNX17AE27G) to R.AF.
and F.N. We are grateful to Seth Jacobson for providing output of Grand Tack N-body
simulations and to Stephanie Brown for helpful discussions.

Author contributions

RAF. and N.G.Z. developed numerical models of W isotopic evolution and performed
calculations. All authors discussed and interpreted results. R.A.F. wrote the manuscript
with help from N.G.Z. and F.N.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-20266-1.

Correspondence and requests for materials should be addressed to R.A.F.

Peer review information Nature Communications thanks Thomas Kruijer and the other,
anonymous reviewers for their contribution to the peer review of this work. Peer reviewer
reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

37 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

| (2021)12:35 | https://doi.org/10.1038/s41467-020-20266-1 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41561-020-0550-0
https://doi.org/10.1038/s41467-020-20266-1
https://doi.org/10.1038/s41467-020-20266-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	The origin of the Moon’s Earth-like tungsten isotopic composition from dynamical and�geochemical modeling
	Results and discussion
	Terrestrial and lunar 182W anomalies
	Probability of an Earth-like lunar ε182W
	Implications for lunar formation scenarios

	Methods
	N-body accretion simulations
	W isotopic calculations

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




