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            Abstract
The Earth formed by accretion of Moon- to Mars-size embryos coming from various heliocentric distances. The isotopic nature of these bodies is unknown. However, taking meteorites as a guide, most models assume that the Earth must have formed from a heterogeneous assortment of embryos with distinct isotopic compositions1,2,3. High-precision measurements, however, show that the Earth, the Moon and enstatite meteorites have almost indistinguishable isotopic compositions4,5,6,7,8,9,10. Models have been proposed that reconcile the Earth–Moon similarity with the inferred heterogeneous nature of Earth-forming material, but these models either require specific geometries for the Moon-forming impact11,12 or can explain only one aspect of the Earth–Moon similarity (that is, 17O)1,2,3. Here I show that elements with distinct affinities for metal can be used to decipher the isotopic nature of the Earth’s accreting material through time. I find that the mantle signatures of lithophile O, Ca, Ti and Nd, moderately siderophile Cr, Ni and Mo, and highly siderophile Ru record different stages of the Earth’s accretion; yet all those elements point to material that was isotopically most similar to enstatite meteorites. This isotopic similarity indicates that the material accreted by the Earth always comprised a large fraction of enstatite-type impactors (about half were E-type in the first 60 per cent of the accretion and all of the impactors were E-type after that). Accordingly, the giant impactor that formed the Moon probably had an isotopic composition similar to that of the Earth, hence relaxing the constraints on models of lunar formation. Enstatite meteorites and the Earth were formed from the same isotopic reservoir but they diverged in their chemical evolution owing to subsequent fractionation by nebular and planetary processes13.
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                    Figure 1: Model PDFs of O, Ca, Ti, Nd (lithophile elements), Cr, Ni, Mo (moderately siderophile elements), and Ru (highly siderophile element) for the accretion of elements in the Earth’s mantle.


Figure 2: Proportions of the enstatite (E) component in a three-stage accretion model of the Earth.
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Extended data figures and tables

Extended Data Figure 1 Isotopic anomalies for Δ17O, ε48Ca, ε50Ti, ε54Cr, ε64Ni, ε92Mo, ε100Ru and μ142Nd in bulk meteorites and planetary materials.
See Supplementary Table 1. Enstatite meteorites (EH and EL chondrites, aubrite achondrites) and lunar samples have isotopic compositions (yellow shading) that are identical or very similar to the terrestrial mantle composition. Other meteorites and planetary materials display isotopic anomalies in one or several elements. The terrestrial mantle composition is, by definition, at 0 (blue horizontal lines).


Extended Data Figure 2 CDFs of lithophile O, Ca, Ti and Nd, moderately siderophile Cr, Ni and Mo and siderophile Ru atoms in the present terrestrial mantle.
See equation (2) and Fig. 1 for the corresponding PDFs and details. For each element, the horizontal dashed line at CDF = 0.05 gives the fraction of the Earth’s final mass after which 95% of an element at present in the mantle was delivered (the red triangles mark x0.95 as given by equation (3)).


Extended Data Figure 3 Example of terrestrial accretion and core partitioning for a scenario from ref. 19 of near-constant mantle redox evolution.
The blue and red lines correspond to model outputs from ref. 19 (updated from their supplementary figure 2) while the dashed black lines are from a Mathematica code developed for this study (available in the Supplementary Information) that makes the same assumptions as ref. 19 (see Supplementary Equations). The simulations use a final equilibration pressure of 60 GPa, a FeO mol% concentration in the magma ocean that decreases linearly with the accreted fraction from 8% to 5.8% (see the oxygen fugacity path 6 in figure 1 of ref. 19) and an equilibration temperature that follows the ‘hot liquidus’ of ref. 19. As shown, there is excellent agreement between ref. 19 and the present study. ‘D Core/Mantle’ refers to the ratio of the concentrations in the core and mantle.


Extended Data Figure 4 PDFs of Ca (lithophile), Cr, and Ni (moderately siderophile) for the accretion of elements in the Earth’s mantle in the model of ref. 19.
See Supplementary Equations for details. The blue and red curves correspond to two endmember accretion scenarios that can reproduce geophysical and geochemical constraints for the Earth’s core and mantle. The red curves correspond to a scenario wherein the mantle FeO concentration evolves from about 34 mol% to 5.9 mol%; the blue curves correspond to a scenario wherein the mantle FeO evolves from 8 mol% to 5.9 mol% (bottom right panel; FeO path numbers 13 and 6 in ref. 19). The black dashed curves are the predictions from equation (1). The non-flat density of Ca is an artefact due to the fact that the FeO concentration of the mantle is arbitrarily prescribed, such that in the scenarios investigated, the CaO concentration of the accreted material would need to increase as the FeO decreases. This model assumes full impactor core-target mantle equilibration and considers small impactors (1/1,000th the size of the present Earth). The metal–silicate distribution coefficients evolve as a function of the evolving pressure–temperature–composition–oxygen fugacity conditions. The values of x0.95 for Cr and Ni in the near-constant FeO model of Badro et al.19 are 0.81 and 0.23, respectively (compared to 0.85 and 0.39 for equation (3)).


Extended Data Figure 5 PDFs of Ca (lithophile), Cr, Ni (moderately siderophile), and Ru (highly siderophile) for the accretion of elements in the Earth’s mantle in the model of ref. 15.
The red curves are from the model15; see Supplementary Equations for details. The black dashed curves are the predictions from equation (1). The model of ref. 15 uses a dynamical simulation (Grand Tack 4:1-0.5-8) as input that gives the mass and heliocentric distance of each embryo or planetesimal that is accreted by the Earth as a function of time. Embryos and planetesimals closer to the Sun are assumed to be more reduced while those further away are assumed to be more oxidized. Following each impact, the impactor mantle is assumed to merge with the target mantle without metal equilibration, a fraction of the impactor core merges with the target core without silicate equilibration, and fractions of the impactor core and target mantle are allowed to equilibrate before the equilibrated metal sinks to the Earth’s core and the equilibrated silicate mixes with the rest of the Earth’s mantle. The metal–silicate distribution coefficients evolve as a function of the evolving pressure–temperature–composition–oxygen fugacity conditions. The values of x0.95 for Cr and Ni in the model of Rubie et al.15 are 0.88 and 0.41, respectively (compared to 0.85 and 0.39 for equation (3)). Note that according to this model, half of the Ru in the mantle could have been delivered before the late veneer; x0.95 = 0.14.


Extended Data Figure 6 Proportions of the E component in a three-stage accretion model of the Earth.
See Supplementary Equations and Fig. 2 legend for details. Unlike in Fig. 2, μ142Nd variations were taken into account in the minimization. Stages I, II and III comprise 0%–60%, 60%–99.5%, and 99.5%–100% of the Earth’s accretion. The accreted material is assumed to be mixtures of four components with the isotopic compositions of enstatite (E), ordinary (O), and carbonaceous chondrites (CI and CO/CV). The five free parameters of the model are the fractions of E in stages I, II and III, and the proportions of CI and CO/CV in the non-enstatite component. These parameters are estimated using a χ2-minimization to reproduce the isotopic composition of the Earth’s mantle for Δ17O, ε48Ca + ε50Ti, ε54Cr, ε64Ni, ε92Mo, ε100Ru and μ142Nd (seven independent constraints). The best-fitting model corresponds to about 100% E during all three stages, with up to 6% of O during stage II. The calculated isotopic anomalies in the Earth’s mantle are those of E-chondrites: Δ17O = −0.01 ± 0.06, ε48Ca = −0.37 ± 0.24, ε50Ti = −0.19 ± 0.27, ε54Cr = +0.06 ± 0.04, ε64Ni = +0.01 ± 0.19, ε92Mo = +0.34 ± 0.37, ε100Ru = −0.11 ± 0.08, and μ142Nd = −7 ± 3 (χ2 = 53). These match approximately the terrestrial composition (that is, no anomaly by definition). Note that the fit is much worse than when μ142Nd is not included (χ2 = 11), in part because all chondrite groups (including E) display resolvable negative μ142Nd anomalies. This can be explained if a component not sampled in chondrites contributed to making the Earth23 or if the accessible Earth has a slightly superchondritic Sm/Nd ratio22. Existing data on μ145Nd, μ148Nd and μ150Nd yield a μ142Nd value corrected for the presence of nucleosynthetic anomalies of −5 ± 2, suggesting that the shift in μ142Nd between E-chondrites and the Earth’s mantle of −7 ± 3 could be due in part to 146Sm decay23.
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The bodies that formed the Earth have isotopic natures that have so far remained unclear. Here Nicolas Dauphas shows that elements with differing affinities for metal can be used to decipher the isotopic nature of the Earth's accreting material through time. He finds that the mantle signatures of lithophile, moderately siderophile and highly siderophile elements record different stages of the Earth's accretion, yet all the examined elements point to material that is isotopically most similar to enstatite meteorites. The author concludes that enstatite meteorites and the Earth were formed from the same isotopic reservoir but diverged in their chemical evolution as a result of subsequent fractionation by nebular and planetary processes.
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