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            Abstract
According to the generally accepted scenario, the last giant impact on Earth formed the Moon and initiated the final phase of core formation by melting Earth’s mantle. A key goal of geochemistry is to date this event, but different ages have been proposed. Some1,2,3 argue for an early Moon-forming event, approximately 30 million years (Myr) after the condensation of the first solids in the Solar System, whereas others4,5,6 claim a date later than 50 Myr (and possibly as late as around 100 Myr) after condensation. Here we show that a Moon-forming event at 40 Myr after condensation, or earlier, is ruled out at a 99.9 per cent confidence level. We use a large number of N-body simulations to demonstrate a relationship between the time of the last giant impact on an Earth-like planet and the amount of mass subsequently added during the era known as Late Accretion. As the last giant impact is delayed, the late-accreted mass decreases in a predictable fashion. This relationship exists within both the classical scenario7,8 and the Grand Tack scenario9,10 of terrestrial planet formation, and holds across a wide range of disk conditions. The concentration of highly siderophile elements (HSEs) in Earth’s mantle constrains the mass of chondritic material added to Earth during Late Accretion11,12. Using HSE abundance measurements13,14, we determine a Moon-formation age of 95 ± 32 Myr after condensation. The possibility exists that some late projectiles were differentiated and left an incomplete HSE record in Earth’s mantle. Even in this case, various isotopic constraints strongly suggest that the late-accreted mass did not exceed 1 per cent of Earth’s mass, and so the HSE clock still robustly limits the timing of the Moon-forming event to significantly later than 40 Myr after condensation.
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                    Figure 1: The late-accreted mass relative to each synthetic Earth-like planet’s final mass as a function of the time of the last giant impact.[image: ]


Figure 2: The likelihood that a planet suffering a last giant impact within a specific range of times has a late-accreted mass less than or equal to the chondritic mass of 4.8 ± 1.6 × 10−3[image: ].[image: ]
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Extended data figures and tables

Extended Data Figure 1 Four panels comparing the classical (triangles) and Grand Tack (circles) scenarios.
a, The mass of each planet in every simulated Solar System as a function of the semi-major axis. Planets within the grey zone are considered to be Earth-like. Planets at the distance of Mars from the Sun are too massive in classical simulations but are correct in Grand Tack simulations. b, c and d show the relative Late Accretion mass as a function of different parameters and the chondritic mass and its uncertainty MC = 4.8 ± 1.6 × 10−3[image: ] as a dashed line and grey region. b is the same as Fig. 1 of the main text, but with a broader timescale. c and d show the relative Late Accretion mass and two orbital structure statistics: concentration37 Sc and angular momentum deficit37,76 Sd. The Solar System has Sc = 89.9 and is marked with a vertical dashed line in c. Grand Tack simulations are as, or more, concentrated than classical simulations. The Solar System has Sd = 0.0018 and this is marked by a vertical dashed line in d. A late giant planet instability (about 500 Myr after the condensation of the first solids in the Solar System) probably excites the inner Solar System; given that these simulations end before the instability, they should possess an angular momentum deficit that is only a fraction of the current value77. Grand Tack simulations are either as dynamically excited or colder than classical simulations, although they are in some cases hotter than the current terrestrial planets.


Extended Data Figure 2 Figure 1 of the main text is reproduced in each panel for each scenario within the classical category.
For reference, the horizontal dashed line and enclosing darkened region are the best estimate and the 1σ uncertainty of the Late Veneer mass MC = 4.8 ± 1.6 × 10−3[image: ]. Each panel shows the Earth-like planet’s relative late-accreted mass as a function of last giant impact time for different initial ratios of the total mass in embryos to planetesimals, as follows. 1:1 in a, 2:1 in b, 4:1 in c, and 8:1 in d. The mean time of the last giant impact increases and the relative Late Accretion mass decreases as the initial ratio of total embryo mass to planetesimal mass increases.


Extended Data Figure 3 The late-accreted mass MLA shown as greyscale contours of the two parameters X and Y.
The blue dashed contours indicate the location of a few specific late-accreted masses and are labelled in the framed boxes. For this figure, we assumed that Earth receives 52 times as much mass in small projectiles than the Moon (σ = 52). The red region is inaccessible, given that the measured chondritic mass in the lunar mantle requires a minimum flux of small planetesimals onto Earth's mantle.


Extended Data Figure 4 Each panel is like Extended Data Fig. 3 but showing additional constraints.
The constraint X ≥ 0.53, deduced by a reanalysis of Rudge et al.23 with the Hf/W ratio updated from Konig et al.15, is shown in light red in each panel. In b–d, the solid green contours indicate the set of X, Y parameters that reproduce the nominal difference in W-isotope composition between the Moon and Earth (0.09 in units; see Touboul et al.4). The difference among these panels is in the assumed Hf/W and W-isotope composition for the mantle of the differentiated projectiles: b assumes values typical of eucrites; c is for aubrites and d is for Mars. The green dashed contours are the 1σ uncertainties on X, Y related to the uncertainty on the difference between the W-isotope composition between the Moon and Earth: ±0.1 in [image: ] units. The areas exterior to these 1 − σ uncertainties have been coloured red.


Extended Data Table 1 Chondritic concentrations for different HSEs in Earth's mantle 13 and chondritic meteorites14 and the ratio of the twoFull size table


Extended Data Table 2 Tungsten abundances [image: ] and [image: ] ratios for the mantle materials: basaltic eucrites75, aubrites78, and Mars75Full size table
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The age of the Moon has been a focus for geochemists for at least the past three decades. A number of chronometers have been used to address the question but the results differ from method to method, in part because of the varying assumptions required in the calculation of the so-called model ages. Seth Jacobson et al. have used an alternative approach. They run a large number of numerical simulations, some based on early Moon-forming events, others later events. They then arrive at a model-independent correlation between the formation age of the Moon and the amount of mass accreted by the Earth since then, the so-called Late Veneer. The concentration of highly-siderophile (iron-loving) elements observed in the Earth's mantle provides a constraint on the timing and rules out an early Moon-forming event. Instead, the authors calculate that the Moon-forming impact must have occurred at least 40 million years after formation of the Solar System.
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