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Abstract: Tungsten isotope is a powerful tracer for the Earth’s accreting materials because of the distinct W isotope
compositions of the non-carbonaceous meteorites and carbonaceous meteorites. To better understand the evolution of the
early Earth, here we calculated the expected μ183W of the bulk silicate Earth for different assumed compositions of the proto
-Earth’s mantle, the Moon-forming giant impactor, and the late veneer using a Monte Carlo approach. The result shows that
the proto-Earth likely has a non-carbonaceous composition, while the carbonaceous chondrite-like materials were delivered
to the Earth at the late stages of accretion. The predicted difference in μ183W values between the bulk silicate Earth and the
non-carbonaceous meteorites of the scenarios assuming a pure carbonaceous composition for the giant impactor is slightly
bigger than that of the scenarios assuming either a pure non-carbonaceous or a mixed carbonaceous-non-carbonaceous
composition for the giant impactor (~5 ppm versus ~2 ppm). The ancient mantle reservoir that partially lacks the late veneer
with carbonaceous composition should have a negative μ183W value (from −3 to 0). Uncertainties introduced by the
cosmogenic effects and mass-independent fractionation should be concerned during the high precision measurement of
μ183W for meteorites and ancient terrestrial samples in further work.
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1 Introduction
The Earth grew through collisions of planetary embryos
and the late accretion after the cessation of core formation.
However, the sources of the Earth’s accreting materials,
especially the life-essential volatiles, remain controversial
(e.g., Wang and Becker, 2013; Rubie et al., 2015;
Bermingham and Walker, 2017; Fischer-Gödde and
Kleine, 2017; Budde et al., 2019; Varas-Reus et al., 2019;
Fischer-Gödde et al., 2020; Piani et al., 2020; Worsham
and Kleine, 2021). Identifying the nature of Earth’s
building materials delivered at different accretion stages is
essential to understanding how the Earth formed and
evolved into a habitable planet. A fundamental dichotomy
between non-carbonaceous (NC) and carbonaceous (CC)
meteorites has been discovered recently (Trinquier et al.,
2007; Warren, 2011; Budde et al., 2016; Kruijer et al.,
2017). The NC and CC meteorites derive from distinct
reservoirs with different heliocentric distances in the
protoplanetary disk. The NC reservoir was located inside
the orbit of Jupiter, while the CC reservoir represents outer
Solar System material (e.g., Budde et al., 2016, 2018;
Kruijer et al., 2017). The distinction between these two
reservoirs is based on nucleosynthetic isotope anomalies
observed in meteorites, reflecting the heterogeneous
distribution of stellar-derived matter in the early
* Corresponding author. E-mail: meiqingfeng@mail.iggcas.ac.cn

protoplanetary disk. Nucleosynthetic isotope anomalies
therefore provide a powerful tool to reveal the
compositions and sources of the Earth’s building materials
(i.e., NC or CC compositions, from the inner or outer
Solar System) at different stages of accretion (e.g.,
Warren, 2011; Burkhardt et al., 2016; Fischer-Gödde and
Kleine, 2017; Render et al., 2017; Budde et al., 2019;
Fischer-Gödde et al., 2020).
Lithophile elements (e.g., Nd) were completely retained
in the Earth’s mantle during the metal-silicate
differentiation. The isotopic compositions of these
elements in the bulk silicate Earth (BSE) therefore reflect
the average of all materials accreted by the Earth
throughout its history (Dauphas, 2017). The lithophile
elements therefore predominantly reflect the nature of
proto-Earth and are difficult to be used to investigate the
nature of the Earth’s late-stage accretion which comprises
only the final ~10% of the Earth’s mass (Canup and
Asphaug, 2001; Walker et al., 2015; Dauphas, 2017). By
contrast, highly siderophile elements (HSEs) were
completely partitioned into the Earth’s core. The HSEs in
the Earth’s mantle are proposed to be delivered in the last
0.5% of the Earth’s accretion (Walker, 2009; Walker et
al., 2015). Their isotopic compositions therefore
predominantly reflect the nature of the late veneer.
Tungsten and Mo are moderately siderophile elements and
can retain in the Earth’s mantle and the core, providing
useful tools to investigate the nature of the Earth’s
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accreting material including the proto-Earth, the Moonforming giant impactor, and the late veneer.
Budde et al. (2019) found that the Mo isotopic
composition of Earth’s primitive mantle falls between
those of the NC and CC reservoirs. Combined with the
simulation results, they infer that Earth accreted CC
materials from the outer Solar System at the late stage of
accretion, probably through the Moon-forming giant
impact. Similarly, a genetic dichotomy has also been
observed for W isotopes in meteorites (Kruijer et al.,
2017). The NC iron meteorites are slightly deficient in
183
W, whereas the CC irons have 183W excesses, reflecting
the nucleosynthetic isotope heterogeneity in the
protoplanetary disk (e.g., Qin et al., 2008; Kruijer et al.,
2012, 2013, 2014, 2017; Wittig et al., 2013). In this paper,
we calculate the expected W isotope composition of the
BSE resulting from mixing between proto-Earth’s mantle,
the Moon-forming impactor, and the late veneer of either
NC or CC compositions based on the model presented by
Budde et al. (2019) to constrain the nature of Earth’s
accreting materials.
2 Tungsten Isotopic Calculation Method
180

Tungsten has the p-process only isotope W and four
isotopes of mixed s- and r- process origin (182W, 183W,
184
W, and 186W). The isotopic abundance of 180W is too
low to be measured precisely. Isotopes 184W and 186W are
generally used for normalization during the isotope
measurement. Since the isotopic variations of 182W mainly
result from the decay of extinct nuclide 182Hf, 183W
becomes the only remaining isotope to study the
nucleosynthetic W isotope anomalies. The μ182W and
μ183W in this study are the deviations of 182W/184W and
183
W/184W of the sample, in parts per million, from those
of the terrestrial standards, respectively.
To constrain the nature of the Earth’s building
materials, we consider a simple three-stage accretion
model suggested by many literatures (Fig. 1) (e.g.,

Dauphas, 2017; Budde et al., 2019; Wang et al., 2021).
The first stage is the formation of the proto-Earth, which
comprises the first 90% of the Earth’s accretion. The
second stage is the Moon-forming giant impact, which
comprises 90%–99.5% of the Earth’s accretion (Canup
and Asphaug, 2001). The third stage corresponds to the
late veneer and comprises the last 0.5% of the Earth’s
mass (Walker, 2009). The Moon-forming giant impact and
late veneer constitute the late stages of the Earth’s
accretion (Walker, 2009; Walker et al., 2015). Based on
this model, we calculated the expected 183W isotope
composition of the BSE for different assumed
compositions (i.e., pure NC, pure CC) of the giant
impactor, the late veneer, and the proto-Earth using a
Monte Carlo method. The values of the parameters used in
the Monte Carlo simulation are listed in Table 1.
Equations used in the calculation are from the Monte
Carlo simulations for Mo isotopes presented by Budde et
al. (2019). The results are shown in Fig. 2.
3 Tungsten Isotopic Constrains on the Proto-Earth and
Late-stage Accretion
The results show that the predicted μ183W value of the
BSE are significantly higher than that of the modern
mantle (μ183W = 0) when a pure CC composition is
assumed for the proto-Earth (Fig. 2a–c). Only the
scenarios assuming a NC composition for the proto-Earth
produce BSE’s W isotope composition (Fig. 2d–i). Thus,
the calculation indicates that the proto-Earth likely has a
NC composition. This is consistent with the observed
isotopic similarity of Earth and enstatite chondrites for
many elements (e.g., N, O, Ti, Cr, Mo, Ru, and Os
isotopes; Javoy and Pineau, 1983, 1991; Clayton et al.,
1984; Javoy et al., 1984, 1986, 2010; Meisel et al., 1996;
Cartigny et al., 1997; Dauphas et al., 2004; Trinquier et
al., 2009; Warren, 2011; Dauphas, 2017; Bermingham et
al., 2018, 2020).
To further constrain the nature of the Earth’s building

Fig. 1. Cartoon showing the three-stage accretion model for the Earth adopted by previous studies (e.g., Budde et al., 2019;
Wang et al., 2021).
(a) The proto-Earth and the Moon-forming giant impactor after metal-silicate differentiation; (b) equilibration of impactor core with the proto-Earth’s
mantle after the Moon-forming giant impact; (c) late veneer.
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Table 1 Parameters used in the Monte Carlo simulation for W isotope composition of the bulk silicate Earth
Parameter
Value
Description
References
g
0.1
Impactor-to-Earth mass ratio
(a)
f
0.3%–0.8%
Mass fraction of the late veneer in the Earth’s mantle
(b)
γ
0.675
Mantle mass ratio for both Earth and the impactor
(c)
DW_E
30–50
Metal-silicate partition coefficient for W during the final core formation in the Earth
(d)
DW_GI
30–10000
Metal-silicate partition coefficient for W during the core formation in the impactor
(d)
μ183WCC
8–30
Deviation of the 183W/184W ratio for CC meteorites, in ppm, from the terrestrial standard
(e)
μ183WNC
−5 to 0
Deviation of the 183W/184W ratio for NC meteorites, in ppm, from the terrestrial standard
(f)
μ183WNC-CC
0±5
The 183W isotope composition for the mixed NC-CC component represented by the BSE
CW_BSE
12 ppb
Tungsten concentration in the bulk silicate Earth
(g)
CW_CC
100–200 ppb
Tungsten concentration in the carbonaceous chondrites
(h)
CW_NC
100–200 ppb
Tungsten concentration in the enstatite and ordinary chondrites
(i)
CW_NC-CC
100–200 ppb
Tungsten concentration in the chondrites
(h−i)
182
182
184
μ WCC
−190 ± 10
Deviation of the W/ W ratio for carbonaceous chondrites, in ppm, from the terrestrial standard
(j)
μ182WNC
−250 to −150
Deviation of the 182W/184W ratio for enstatite and ordinary chondrites, in ppm, from the terrestrial standard
(k)
References: (a) Canup and Asphaug (2001), (b) Walker (2009), (c) Budde et al. (2019), (d) Wade et al. (2012), (e) Qin et al. (2008), Kruijer et al. (2012), Kruijer
et al. (2013), Wittig et al. (2013), Kruijer et al. (2014), Kruijer et al. (2017), and Budde et al. (2018) (f) Kruijer et al. (2017), Kruijer and Kleine (2019) (g)
König et al. (2011), (h) Kleine et al. (2004) and Budde et al. (2018), (i) Lee and Halliday (2000), Kleine et al. (2009), (j) Kleine et al. (2009), (k) Lee and
Halliday (2000), Kleine et al. (2009).

Fig. 2. Predicted μ183W of the bulk silicate Earth (BSE) as a function of the degree of equilibration of impactor core with protoEarth’s mantle.
The proto-Earth (pE), the giant impactor (GI), and the late veneer (LV) are assumed to have different compositions, i.e., pure non-carbonaceous (NC), carbonaceous (CC), or mixed NC-CC compositions. The component assumption of the GI, the LV, and the pE for each scenario is presented in each figure. The horizontal red lines represent the BSE’s μ183W = 0. The Earth’s accretion model and equations used in the simulations are from Budde et al. (2019).
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materials delivered through late-stage accretionary
processes (i.e., the Moon-forming giant impact and the
late veneer), the Mo-W isotopic compositions of the BSE
for different scenarios have been calculated (Fig. 3). The
Δ95Mo notation (Δ95Mo = (ε95Mo − 0.596 × ε94Mo) × 100)
is defined by Budde et al. (2019). During the Moonforming giant impact, the impactor’s core is unlikely to
merge into the Earth’s core without any interaction with
the Earth’s mantle. Re-equilibration of the impactor core
with the proto-Earth’s mantle will contribute siderophile
elements to the BSE. The degree of such equilibration (k
value) is proposed to be between 0.3 and 0.8 (Nimmo et

al., 2010; Rudge et al., 2010). Thus, the k values for the
data points of predicted BSE’s Mo-W isotopic
compositions in Fig. 3 are between 0.3 and 0.8.
The scenario that produces the highest probability of
matching the BSE’s Mo isotope composition in Budde et
al. (2019), i.e., CC composition for the giant impactor and
NC composition for the late veneer, could provide the W
isotopic composition of the modern mantle in some cases
(Fig. 3d). It is noteworthy that the predicted μ183W of the
BSE are generally higher than 0, suggesting that the μ183W
value of the BSE is ~5 ppm higher than that of the NC
meteorites if this scenario is realistic. The scenario

Fig. 3. Predicted Δ95Mo versus μ183W for the bulk silicate Earth (BSE).
The degrees of equilibration of impactor core with proto-Earth’s mantle for the data points are between 0.3 and 0.8 (Nimmo et al., 2010; Rudge et al.,
2010). The proto-Earth (pE), the giant impactor (GI), and the late veneer (LV) are assumed to have different compositions, i.e., pure non-carbonaceous
(NC), carbonaceous (CC), or mixed NC-CC compositions. The component assumption of the GI, the LV, and the pE for each scenario is presented in each
figure. The red rectangular boxes represent the ranges of BSE’s Δ95Mo (7 ± 5) and μ183W (0 ± 5). The simulations and range of BSE’s Δ95Mo value are
from Budde et al. (2019).
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assuming CC composition for both the giant impactor and
the late veneer also produce predicted BSE’s μ183W value
of higher than 0. However, it cannot produce the BSE’s
Mo isotope composition well. In this scenario, a very
limited number of cases have the BSE’s Mo and W
isotope compositions (Fig. 3e). Thus, there is only a small
chance that the Moon-forming giant impactor and the late
veneer both have pure CC compositions. Simulation
results for these two scenarios therefore indicate that the
materials from the outer Solar System (the CC reservoir)
accreted to the Earth via the giant impact could induce
significant differences of μ183W value (>5 ppm) between
the BSE and the NC meteorites. Such differences have a
good chance of being identified by current analytical
techniques.
Of the scenarios assuming pure NC composition for the
proto-Earth, the assumption of a CC composition for the
late veneer reproduces the modern mantle μ183W value
well even when the k value is restricted to be between 0.3
and 0.8 (Fig. 3f, g). Moreover, the scenarios assuming a
pure CC composition for the late veneer, especially if a
mixed NC-CC composition is assumed for the giant
impactor, can also provide a good match to the BSE’s
Δ95Mo.
Scenarios assuming mixed NC-CC composition for the
giant impactor alone or both for the giant impactor and the
late veneer give narrow ranges of the predicted μ183W for
the BSE due to the small-scale difference of μ183W
between the NC meteorites and the BSE (Fig. 3h, i). Of
these two scenarios, assuming mixed NC-CC
compositions for the giant impactor and the late veneer
provides a good match to the BSE’s Mo isotope
composition (Fig. 3i; Budde et al., 2019).
The exact composition of the late veneer has been the
topic of myriad studies and a definitive answer to this
question has yet to be determined (e.g., Wang and Becker,
2013; Fischer-Gödde and Kleine, 2017; Bermingham et
al., 2018; Varas-Reus et al., 2019; Fischer-Gödde et al.,
2020; Worsham and Kleine, 2021). Previous studies used
the relative abundances of volatile elements (e.g., Se, Te,
and S) and the Se isotope composition in the silicate Earth
to constrain the source of the Earth’s volatile elements and
argued that the late veneer has a CM or CI carbonaceouschondrite-like composition (Wang and Becker, 2013;
Varas-Reus et al., 2019). By contrast, isotopic variations
of the highly siderophile elements (e.g., Ru and Os
isotopes) among meteorites, lunar impactites, and the
silicate Earth suggest that the late veneer was derived from
an enstatite chondrite-like reduced and volatile-poor inner
Solar System materials (e.g., Meisel et al., 1996; Walker,
2009; Bermingham and Walker, 2017; Fischer-Gödde and
Kleine, 2017; Bermingham et al., 2018; Worsham and
Kleine, 2021). However, Fischer-Gödde et al. (2020)
analyzed the high precision mass-independent Ru isotope
compositions for Eoarchean ultramafic rocks from
southwest Greenland and argued that Earth’s pre-lateveneer mantle already contained a substantial fraction of
Ru (Rubie et al., 2016). Ruthenium isotope compositions
of the ancient mantle that partially lacks the late veneer,
therefore, relax previous Ru isotope constraints on the late
veneer and imply that the late veneer including water and
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volatiles was carbonaceous-chondrite-like materials from
the outer Solar System (Fischer-Gödde et al., 2020).
By analogy, we expect a co-variation between the
μ182W and μ183W values in the mantle reservoir partially
lacks the late veneer (Fig. 4). Due to the undistinguishable
μ182W value of the NC and CC chondrites, the ancient
mantle that partially lacks the late veneer with either NC
or CC compositions yields 182W excesses relative to the
modern mantle (Fig. 4a). Moreover, though resolvable
182
W excesses have been observed in many ancient
terrestrial samples (e.g., Willbold et al., 2011, 2015;
Touboul et al., 2012; Dale et al., 2017; Mei et al., 2020),
they can also be explained by the early differentiation
processes that occurred within the lifetime of 182Hf (e.g.,
Touboul et al., 2012; Rizo et al., 2016). Thus, the 182W
isotope data fail to provide an unambiguous constrain on
the nature of the late veneer. Unlike 182W, 183W is not
affected by the radioactive decay. The predicted μ183W
values of the ancient mantle that partially lacks the late
veneer show distinct patterns for scenarios assuming
different compositions for the late veneer and are between

Fig. 4. The μ182W (a) and μ183W (b) values versus mass fraction
of late veneer in the mantle sources assuming either a pure CC
composition (blue dots) or a pure NC composition (red dots) for
the late veneer (LV).
Values for the parameters used in this model are listed in Table 1.
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−3 and 1 (Fig. 4b). If the late veneer has a NC
composition, the ancient mantle that partially lacks the late
veneer will have a near-zero μ183W value. By contrast, it
will display a negative μ183W value (from −3 to 0) if the
late veneer component is from the outer Solar System.
Accordingly, the predicted difference in μ183W values
between the BSE and the NC meteorites of the scenarios
assuming a pure CC composition for the giant impactor
(~5 ppm) is slightly bigger than that of the scenarios
assuming a NC or mixed NC-CC composition for the giant
impactor (from 0 to ~2 ppm). The nature of the late veneer
can be inferred from the 183W isotopic composition of the
ancient terrestrial samples that partially lack the late
veneer. The ancient mantle source that lacks a late veneer
component with a CC composition should have negative
μ183W value (from −3 to 0), while the mantle source
isolated from the late veneer component with a NC
composition should have μ183W value undistinguishable
from the modern mantle.

Mei et al., 2018). A strong dry-down protocol with
concentrated HNO3 and H2O2 proposed by Tusch et al.
(2019) and a close monitor of the nuclear field shift effect
by analyzing a wide range of reference materials should be
applied in the 183W isotope measurement (Kruijer and
Kleine, 2018). Thus, to further constrain the nature of
Earth’s accreting materials, the ultra-high precision
measurement of W isotope should be set up in the future
to obtain the μ183W in the least irradiated meteorites and
ancient terrestrial samples that lack the late veneer
component.
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4 Conclusions and Future Ultra-high Precision W
Isotope Measurement
Our study suggests the potential of using 183W isotope
to constrain the nature of Earth’s accreting materials. The
proto-Earth likely has a NC composition, while the CClike materials from the outer Solar System were delivered
to the Earth at the late stages of accretion through the
Moon-forming giant impact and/or the late veneer. The
predicted difference in μ183W values between the BSE and
the NC meteorites of the scenarios assuming a pure CC
composition for the giant impactor (~5 ppm) is slightly
bigger than that of the scenarios assuming a NC or mixed
NC-CC composition for the giant impactor (2 ppm). The
ancient mantle reservoir that partially lacks the late veneer
with CC composition should have negative μ183W value
ranging from −3 to 0.
Further screening of these scenarios depends on the
ultra-high precision W isotope measurement on NC
meteorites and the ancient samples that (partially) lack the
late veneer (samples with 182W excesses and HSEs
depletions) though the μ183W variations in these samples
are at the edge of the analytical resolution of current mass
spectrometric techniques. In addition, high precision 183W
isotope data for meteorites can reduce the uncertainties of
the simulation.
It is noteworthy that the W isotope compositions of the
iron meteorites could be altered by neutron capture
reactions on W and Re isotopes during the exposure to the
galactic cosmic ray. Correction for the cosmogenic effect
on W isotopes based on the physical model and neutron
dosimeters (e.g., Pt, Os, and Re isotopes) introduces
additional uncertainties (Kruijer et al., 2013, 2014, 2017;
Leya and Masarik, 2013; Wittig et al., 2013). To
circumvent the cosmogenic effects, 183W isotope
measurement should be performed on the least irradiated
meteorites. The mass-independent isotope fractionation
affecting primarily the odd W isotopes (nuclear field shift
effect) is another issue that need to be concerned in the
183
W isotope analysis (e.g., Shirai and Humayun, 2011;
Cook and Schönbächler, 2016; Kruijer and Kleine, 2018;
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