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Late accretionary history of Earth and Moon preserved

in lunar impactites

Emily A. Worsham* and Thorsten Kleine

Late accretion describes the final addition of Earth’s mass following Moon formation and includes a period of Late
Heavy Bombardment (LHB), which occurred either as a short-lived cataclysm triggered by a late giant planet or-
bital instability or a declining bombardment during late accretion. Using genetically characteristic ruthenium and
molybdenum isotope compositions of lunar impact-derived rocks, we show that the impactors during the LHB
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and the entire period of late accretion were the same type of bodies and that they originated in the terrestrial
planet region. Because a cataclysmic LHB would have, in part, resulted in compositionally distinct projectiles, we
conclude that the LHB reflects the tail end of accretion. This implies that the giant planet orbital instability oc-
curred during the main phase of planet formation. Last, because of their inner solar system origin, late-accreted

bodies cannot be the primary source of Earth’s water.

INTRODUCTION

Late accretion describes the addition of material with a broadly
chondritic bulk composition to planetary mantles after the cessa-
tion of core formation (1). On Earth, the late-accreted material is
estimated to account for the final ~0.5% of Earth’s mass and is
thought to have been added after the Moon-forming giant impact,
which likely induced the last major core formation event on Earth
(1, 2). Hence, late accretion started immediately after formation of
the Moon and is technically ongoing, albeit at a much-reduced rate.
Determining the source and composition of late-accreted material
is important not only for understanding the dynamics of the late
stages of terrestrial planet growth but also because late accretion
dominated by volatile-rich, carbonaceous chondrite-like material
has been suggested to be the principal source of Earth’s water and
highly volatile elements (3, 4). However, it remains debated whether
the late-accreted material derived from the inner or outer solar sys-
tem and whether it was volatile rich (5-8).

Late accretion also includes a period called the Late Heavy Bom-
bardment (LHB). As originally conceived, the LHB was proposed to
account for the clustering of “’Ar-*’Ar, ¥Rb-¥Sr, and U-Pb ages of
Apollo lunar impact melt rocks between ~3.8 and ~4.0 billion years
(Ga) ago (9, 10). It is important to recognize that the term LHB is
not used consistently in the literature and is alternately used to refer
to a “late” period of basin formation (i.e., after a stable crust formed)
(11) or it is used synonymously with “lunar cataclysm,” which refers
to a sudden, short-lived surge in impact rate during which many of
the large lunar impact basins were formed (10). Hence, the putative
lunar cataclysm is only one possible mechanism by which the LHB
may have occurred. Alternatively, the LHB may reflect the slowly
declining bombardment during the accretion tail of terrestrial planet
formation (12). In this case, the clustering of lunar impactites’ ages
may simply reflect a sampling bias by the dominance of ejecta from the
~3.9 Ga Imbrium Basin (13, 14). Consistent with this, some chrono-
logical studies have also found evidence for basin-forming impacts
before the putative cataclysm, with ages inferred to represent the
time of impact as old as ~4.3 to 4.2 Ga (15-17). Nevertheless, the
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general agreement among the *’Ar-*’Ar age frequency distributions
of Apollo samples, lunar meteorites, howardite-eucrite-diogenite
meteorites (thought to derive from asteroid 4 Vesta), and H chon-
drites (18-20) indicates that an LHB occurred and affected the en-
tire inner solar system (20, 21). Hence, there is no doubt that an LHB
occurred, but its origin remains elusive (11, 22, 23).

A cataclysmic LHB would require a dynamic impetus that led to
a sudden increase in impact rate. To account for this, it was pro-
posed that a late migration of the giant planets scattered asteroids
and comets into terrestrial planet-crossing orbits, resulting in a
short-term, massive increase in the delivery of planetesimals into
the terrestrial planet region ~600 million years (Myr) after their for-
mation (the “Nice model”) (24). However, more recent models sug-
gest that the orbital instability of the giant planets, which is necessary
to account for the orbital architecture of the outer solar system (25),
occurred much earlier than required for a lunar cataclysm, during
the first ~100 Myr of solar system formation (26-30). If correct, this
would favor an accretion tail origin of the LHB because otherwise,
there is no currently known dynamical process that may have trig-
gered a late, cataclysmic bombardment of the Moon. Therefore, find-
ing independent evidence for or against a cataclysmic LHB may provide
additional insight into the time of the giant planet instability.

The cataclysmic and accretion tail origins of the LHB generally
differ in the sources of the impactors involved. In an accretion tail
scenario, the LHB impactors should derive from the same planetes-
imal population as those of the entire period of late accretion. By
contrast, the impactor population resulting from a dynamically driven,
cataclysmic LHB would be genetically distinct because it would, at
least partially, derive from a destabilized planetesimal disk outside
the terrestrial planet region (20, 24). Distinguishing between the
two origins of the LHB may, therefore, be possible by determining
the nebular source region(s) of the LHB impactors (i.e., terrestrial
planet forming region, main asteroid belt, and/or outer solar sys-
tem). Moreover, provided that the LHB impactors derive from the same
population of bodies as the late-accreted material in general, deter-
mining their provenance may also allow determining the origin of
the late-accreted material.

Previous studies have primarily used the relative abundances of
highly siderophile elements (HSE) in lunar impactites to infer the
composition and source(s) of lunar impactors (31-36). Owing to
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their strong affinity to metal, the HSE were nearly quantitatively
removed from the silicate portion of the Moon, and so, virtually all
the HSE in lunar impactites derive from the projectiles. The HSE
elemental and isotopic systematics in the impactites, therefore, re-
flect those of the impactor(s). Previous studies have shown that the
relative HSE abundances of some bulk lunar impactites resemble
those inferred for the bulk silicate Earth (BSE), suggesting that there
may be a link between the late accretionary materials added to the
lunar surface and the BSE (37). However, because of the large com-
positional range among the impactites and the potential for postim-
pact processes to affect HSE compositions [e.g., via fractionation
during metal-sulfide-silicate segregation (36)], these data are more
difficult to interpret in terms of the nebular source region(s) of the
impactors. To this end, both an enstatite chondrite-like composi-
tion and inner solar system origin for the progenitor impactors (31)
and a mixed impactor population including carbonaceous chon-
drites from the outer solar system have been proposed (36).

We use an approach that has previously not been applied to lunar
impactites to determine the source(s) of lunar impactors, which relies
on nucleosynthetic isotope anomalies in the siderophile elements Ru
and Mo. Unlike trace element abundances or mass-dependent isotope
fractionations, these nucleosynthetic anomalies are not expected to be af-
fected by postimpact processes. Moreover, for both elements, nucleosyn-
thetic isotope heterogeneity exists at the bulk meteorite and planetary
scale and between the non-carbonaceous (NC) and carbonaceous (CC)
meteorite reservoirs (38-43), which likely represent the inner and outer
regions of the protoplanetary disk (44, 45), respectively. Together, this
makes Ru and Mo isotope anomalies uniquely useful for discriminat-
ing material originating in different regions of the accretion disk and for
identifying the nebular source reservoir(s) of LHB impactors.

Here, we report Ru and Mo isotope data for five chemically di-
verse lunar impactites (Fig. 1 and table S1), which we use to assess
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Fig. 1. Plot of Sc versus Sm concentrations for lunar impactites. Compositional
fields are from (57). The Apollo 16 impactites studied here are shown relative to the
full range of Apollo 16 impact melt rocks and breccias. The feldspathic breccia me-
teorites studied here plot outside the Apollo 16 compositional fields, suggesting
that they sampled distinct target lithologies and are, therefore, from a different
location on the Moon that is chemically similar to those sampled by some Apollo
15 and Apollo 11/Luna 20 impactites. Scandium and Sm data were not available for
NWA 11228, so the range of Sc and Sm concentrations from meteorites that are
likely paired with NWA 11228 (NWA 8673, 8746, 10065, and 11193) were used to
represent NWA 11228 (70). Data references are in table S1.
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whether the source of some of the impactors that struck the Moon
during the LHB was similar to that of the population that impacted
Earth and Moon during the entire period of late accretion. This
comparison has important implications for the origin of the LHB,
for the source and nature of late accretion in general, and for the
prevailing dynamical environment of the time.

RESULTS

The samples of this study include three Apollo 16 impact melt rocks
(60315, 62235, and 68815) and two feldspathic breccia meteorites
[Northwest Africa (NWA) 11228 and NWA 5000]. The Apollo 16
samples have **Ar-*’Ar ages of ~3.9 Ga at the supposed time of the
lunar cataclysm (13, 46). Chronological information on the two lu-
nar meteorites is sparse, but NWA 5000 may record an earlier im-
pact event at ~4.1 to 4.2 Ga (47).

The Ru and Mo isotopic compositions of the lunar impactites are
corrected for instrumental and natural mass—dependent fraction-
ation and are reported in the e-unit notation as the parts-in-10,000
deviations from terrestrial standard compositions. For determining
the source of LHB impactors, we use £'®Ru and &'”*Ru values be-
cause these are measured to the hi%hest precision relative to other
Ru isotope ratios, and £”*Mo and £”°Mo because the plot of £”*Mo
versus £ °Mo best distinguishes NC and CC meteorites. We note,
however, that all other isotope ratios are internally consistent for Ru
and Mo, within uncertainty (see Materials and Methods). The lunar
impactites have rather homogeneous Ru and Mo isotopic composi-
tions, showing no resolved variations outside the analytical uncertainty
of the measurements (Table 1 and tables S2 and S3). More specifically,
the variance of the measurements is either comparable or slightly
larger relative to the analytical reproducibility as estimated by repeated
analyses of an iron meteorite, depending on the isotope ratio (i.e., the
28D of £'®Ru and &'®Ru of the impactite measurements are +0.19 and
+0.14 compared to the estimated reproducibility of £0.14 and + 0.17,
respectively; the 2SD of £”*Mo and €”°Mo are +0.25 and + 0.13,
compared to +0.18 and + 0.14), indicating that there may be some
small isotopic variations among the samples but which cannot cur-
rently be resolved. The observation that the samples measured here
exhibit only slightly more variation than the analytical reproduc-
ibility of the measurements suggests that isotopic differences among
individual impactors were either small or were homogenized by
impact gardening (see discussion below) (48).

The new Ru and Mo isotopic data provide two first-order con-
straints on the nature and origin of the projectile material preserved
in the investigated lunar impactites. First, the mean £'“’Ru of the
impactites is —0.01 £ 0.12 [95% confidence interval (CI)], which is
indistinguishable from the BSE. Thus, because the BSE’s Ru almost
entirely derives from late accretion (49), these data indicate that the
Ru isotopic composition of the lunar impactites is indistinguishable
from that of the late-accreted material in general (Fig. 2A). Second, in
the £”*Mo-£”°Mo diagram, in which NC and CC meteorites lie along
two distinct and approximately parallel lines, the impactites plot on
the NC-line at £”*Mo = 0.49 + 0.16 and £”Mo = 0.20 + 0.08 (95% CI;
Fig. 2B), demonstrating that the projectiles sampled by the impactites
of this study came from the inner solar system. Moreover, the com-
bined Mo-Ru isotope systematics indicate that these projectiles on
average had an enstatite chondrite-like isotopic composition (Fig. 3).

Below, we will first assess to what extent the lunar impactites of
this study represent the population of bodies impacting the Moon
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Table 1. Ruthenium and Mo isotopic compositions of lunar impactites.

Sample, specific Description Age(Ga)* Nps' £Ru + %Ry Nvo Mo = Mo + A®Mo* =
60315, 239 ;Oe':i'"“c impact  3868+0031 3 -012 014 -013 017 2 055 018 031 016 -2 19
62235, 303 Poikiliticimpact 3076, 0032 2 -005 014 -002 017 5 059 014 016 008 —19 12

Glassy polymict

68815, 11 N 3.6-4.1 2 005 014 -005 017 5 028 017 018 011 1 15
NWA 11228 E‘:L‘ii’i’aath'c 3 013 014 002 017 2 056 018 014 016 -19 19
NWA 5000 Ef'e‘isc?aath'c 41-4.2 4 002 005 006 006 5 047 008 020 010 -8 1
Mean® -001 012 -002 0.09 049 016 020 008 12
Weighted mean® 001 008 003 008 049 012 019 005 9
BSE* 000 002 000 002 004 006 010 004 7 5
*Ages for 60315 and 62235 from (46), 68815 from (13, 72), and NWA 5000 from (47). Ruthenium and Mo isotopic compositions of the BSE are from (7, 66). tNis the

number of analyses of the same sample solution. Uncertainties for samples measured <3 times are the external reproducibility (2SD) determined by repeated
analyses of an iron meteorite sample measured under the same conditions as the lunar samples. Uncertainties for samgles measured >3 times are the 95% Cl of

the mean.

+A%*Mo = (¢**Mo - 0.596 x £7*Mo) x 100 (66). Uncertainty is the propagated uncertainty on ¢**Mo and &

*Mo. §Uncertainties are 95% Cl of

the mean. Weighted means were calculated using ISOPLOT (83) (see Materials and Methods).
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Fig. 2. Ruthenium and Mo isotopic compositions of lunar impactites. (A) ¢'°°Ru versus £'®Ru and (B) £**Mo versus £>*Mo. Data for individual lunar impactites (gold
circles) and mean composition (orange circle) are plotted. The green square is the BSE isotopic composition (7, 66). Red and blue data points represent NC and CC meteorites, re-
spectively, from (41,82) and references therein. These data are also compiled in tables S7 and S8. (A) Dashed line is an s-process mixing line (84). (B) Red and blue dashed lines are
the NC- and CC-lines defined in (66, 82). (A) The average Ru isotopic composition of the lunar impactites is indistinguishable from the BSE, whereas in (B), the average Mo isotopic
composition is resolved from the BSE and falls on the array defined by NC meteorites. Enstatite chondrites and aubrites have the most similar isotopic composition to the lunar
impactites. Error bars for the lunar impactites are the 2SD of repeated analyses of an iron meteorite for samples with N < 3 or the 95% Cl of the mean for samples with N> 3.

during the LHB. We then discuss the origin of the LHB and the na-
ture and provenance of late-accreted bodies in general.

DISCUSSION

Lunar impactites and the Moon’s impactor population

The five lunar impactites investigated here provide only a very lim-
ited spatial sampling of the lunar surface. Nevertheless, several lines
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of evidence suggest that the isotopic composition of these impactites
is the integrated signature of multiple impactors and, hence, pro-
vides information on the heritage of impactors for a sizable portion
of the Moon. First, the samples derive from distinct areas of the Moon
and, therefore, likely incorporated material from different impact
basins. Second, even at a given location, multiple impactor signatures
are present, indicating that the isotopic composition of each impactite
likely represents the integrated signature of a few basin-forming
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Fig. 3. Interelement Ru and Mo plots for the lunar impactites. (A) £>*Mo versus £'®®Ru and (B) A*Mo versus £'®Ru. A>*Mo is defined in Table 1. Data symbols and lit-
erature references are as in Fig. 2 and compiled in tables S7 and S8. (A) The lunar impactites fall on the Mo-Ru NC correlation defined in (47) and (B) among NC meteorites
in A%Mo. The nonweighted means are plotted here. Error bars for the lunar impactites are the 25D of repeated analyses of an iron meteorite for samples with N <3 or the
95% Cl of the mean for samples with N> 3. In (B), error bars on A%Mo are the propagated £**Mo and £>°Mo uncertainties.

impacts. Third, the average enstatite chondrite-like isotopic com-
position of the impactites is the same as the average composition of
Earth’s building material (50), which would be unexpected if the im-
pactites recorded signatures of an unrepresentative population of im-
pactors. Below, we will discuss this evidence in more detail.

First, on the basis of their mineralogy and major and trace ele-
ment compositions, lunar impactites are subdivided into different
groups, which represent distinct target rock precursors and/or pa-
rental impact melt sheets, or variable mixing proportions of clasts
(51). Thus, impactites from different groups likely originated from
distinct impacts or distinct areas within a single large impact melt
sheet (and mixtures thereof). According to this classification, 60315
and 62235 belong to groups 1M and 1F, which means that they are
both rather mafic, KREEP-bearing rocks (the K-REE-P-rich com-
ponent is likely from the Procellarum KREEP terrane sampled by
the Imbrium event). Both samples have some of the highest KREEP
contents among Apollo 16 samples, indicating that they likely rep-
resent impact melt from the Imbrium basin. By contrast, sample
68815 falls into group 2, is more felsic than the other two Apollo
16 samples of this study, and has a lower KREEP contribution (52).
Thus, although this sample, like 60315 and 62235, was collected from
the Cayley Formation, 68815 likely samples a distinct impact melt
and has a lower proportion of the Imbrium-related material (53).
Last, the two NWA meteorites have lower REE and Th contents than
the Apollo 16 impactites (54-57), indicating a lower KREEP con-
tent, and they have chemical similarities to the Apollo 15-E compo-
sitional group (NWA 11228) and some Luna 20 and Apollo 11 impact
melts (NWA 5000) (51, 58, 59). This does not necessarily mean that
these landing sites are the origin of these meteorites but does sug-
gest that NWA 11228 and NWA 5000 originated from different areas
of the Moon than the Apollo 16 samples (Fig. 1 and table S1).

Second, the HSE relative abundances of lunar impactites range from
carbonaceous, ordinary, and enstatite chondrite-like to more fraction-
ated compositions, similar to iron meteorites (31-36). This range of
compositions suggests that these samples contain multiple impactor com-
ponents, which occur in variable proportions among individual
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impactites (36, 60). Specifically, whereas samples 60315, 62235, and
68815 have fractionated HSE abundances, similar to some iron me-
teorite groups (33, 60, 61), NW A 5000 has a relatively unfractionated
HSE pattern, similar to enstatite chondrites (62), indicating that these
samples represent chemically distinct impactor components. De-
spite these chemical differences, the Ru and Mo isotopic composi-
tion of the impactites measured here is indistinguishable within
uncertainty. This suggests that either the impactors derive from an
isotopically homogeneous reservoir or that isotopic heterogeneities
were homogenized by spatial impact melt diffusion due to long-
term impact gardening. The latter is consistent with numerical mod-
eling of these processes (48), which suggests that the Apollo 16 landing
site samples the Serentitatis and Nectaris impact melt (and, thus, the
impactors) as well as the Imbrium impact melt. Similarly, although
this is largely illustrative, if the NWA 5000 sample does originate
from a similar region as the Luna 20 landing site, numerical model-
ing would suggest a fraction of Crisium, Smythii, and Nectaris impact
melt in addition to Imbrium (48). The major basins likely redistrib-
uted material in a similar way as observed for Imbrium material today,
and so, it is logical that large areas of the Moon contain a mixed sig-
nature of multiple basin-forming impactors. A corollary of this is
that the homogeneous isotopic composition of the lunar impactites
of this study provides a reasonable estimate for the average isotopic
composition of impactors hitting the Moon.

Third, for all elements investigated so far, Earth is isotopically
most similar to enstatite chondrites. This indicates that throughout
accretion and including late accretion, Earth’s major building blocks,
on average, had the same enstatite-chondrite-like isotopic compo-
sition (50). This composition, however, is not well represented in the
meteorite record, where most meteorites have more anomalous iso-
topic compositions relative to Earth. Hence, it would be unexpected
that the impactites have the same isotopic composition as the ma-
jority of the building blocks of Earth if they only sample a limited num-
ber of impactors and are unrepresentative of the lunar impactor
population. Moreover, that the three locations sampled on the Moon
(from the meteorites and Apollo 16 samples of this study) all have an
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enstatite chondrite-like composition would be unexpected, if not for
the inferred large-scale mixing through impact gardening.
Together, the above considerations suggest that the two lunar me-
teorites probably derive from a different area of the Moon than the
Apollo 16 samples (Fig. 1 and table S1), and all five impactites likely
sample varying proportions of multiple basin-forming impactors.
We, therefore, suggest that the Ru and Mo isotopic data of these
samples combined provide a reasonable estimate for the composition
of the impactors that struck a substantial portion of the Moon and,
therefore, allow assessing the origin of the LHB. This hypothesis can be
tested with future analyses of samples from other Apollo landing sites,
which, owing to the lower Ru and Mo concentrations in these sam-
ples, will require the development of more sensitive analytical tech-
niques or the consumption of larger samples masses than used here.

The LHB as the tail end of accretion

The Ru and Mo isotopic data of the lunar impactites can be used in
two complementary ways to assess dynamical processes during the
Moon’s bombardment history and, specifically, whether the LHB
was a cataclysmic event. First, the impactites’ compositions may be
compared to those of meteorites to establish the genetic relation-
ship between projectiles hitting the Moon and a specific population
of planetesimals as sampled by meteorites. Second, comparison of the
lunar impactites’ composition to that of the late-accreted material in
general may be used to assess whether there was a change in the im-
pactor population during the LHB. Combined, this may help to dis-
tinguish between a cataclysmic and accretion tail origin of the LHB,
because whereas the former generally predicts a contribution of main
belt asteroids and, potentially, comets to the LHB (24), the latter predicts
a close link between LHB impactors and late-accreted materials.

A terminal lunar cataclysm, or any abrupt increase in the impact
flux to the Moon, requires a dynamical event that destabilized the
planetesimal disk and led to a sudden, short-term surge in the influx
of impactors. For example, in the original Nice model, the migra-
tion of Jupiter and Saturn into a 1:2 orbital resonance destabilized
the orbits of Neptune and Uranus (25) and scattered comets and
asteroids from the primordial asteroid belt into the inner solar sys-
tem, where they would have become potential impactors during the
putative lunar cataclysm (24). Modified versions of the Nice model
suggest that lunar impactors predominately originated from the
primordial main asteroid belt (20) and/or the hypothetical extended
(E) belt, which may have existed inward of the main asteroid belt
and remnants of which may be the Hungaria asteroid group, con-
sisting of mostly E-type asteroids (63, 64). Thus, depending on
whether an orbital instability of the giant planets resulted in lunar
impactors from the cometary disk (24), the primordial main aster-
oid belt (20, 24), and/or the E-belt (63, 64), it may have scattered
isotopically distinct objects into the inner solar system. In the first
case, we would expect the lunar impactites to have CC-like Mo and
Ru isotope signatures with only little contribution from NC materi-
al, because the LHB impactors would be dominated by C-type (car-
bonaceous) asteroids and comets. In the second case, we would
expect to see an isotopically anomalous, potentially mixed NC-CC
signature in the lunar impactites, because the asteroid belt consists
of a mixture of NC bodies with larger nucleosynthetic anomalies
than Earth and CC bodies. Last, in the third case, we would expect the
lunar impactites to have enstatite chondrite-like isotope signatures,
because E-type asteroids are probably compositionally similar to
aubrites and enstatite chondrites.
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The lunar impactites of this study all have an NC-like Mo iso-
tope composition (Fig. 2) and plot inside the NC field in the Mo-Ru
isotope diagram (Fig. 3). Moreover, if NWA 5000 represents an
earlier impact event (47) relative to the Apollo 16 samples, this would
indicate that the dominant impactors were NC spanning the time of
the putative lunar cataclysm. This does not exclude that individual
impactors had a CC composition and, thus, is not inconsistent with
the presence of carbonaceous chondrite-like HSE elemental and ra-
diogenic Os isotope signatures identified in some lunar anorthositic
regolith breccias (36), but does suggest that the impactors pre-
dominantly derive from the NC reservoir. This is inconsistent with
the expected composition of LHB impactors in the aforementioned
first two variants of the Nice model, which both predict consider-
able contributions of CC bodies and isotopically anomalous NC
bodies to the LHB. Note that this conclusion holds even if the lunar
impactites only sample the late stages of an instability-driven popu-
lation dominated by asteroids (11), because the lunar impactites
define an end-member composition compared to asteroids (as sam-
pled by meteorites), so that a random mix of asteroids would not
yield the isotopic composition observed for the impactites. Further-
more, the first two variants of the Nice model also predict that the
LHB consisted of a different impactor population than late accre-
tion in general, because the late orbital instability would have desta-
bilized a planetesimal population that otherwise would not have
contributed substantially to impacts onto the Moon. Thus, these
variants of the Nice model are inconsistent with our finding that the
LHB impactors derive from the same population of bodies as those
accreted during the entire period of late accretion from ~4.4 to at
least ~3.9 Ga ago. Consequently, provided that the lunar impactites
studied here represent the projectiles that struck a large portion of
the Moon during the LHB (see above), these data rule out that the
LHB was caused by a late giant planet instability that resulted in
lunar impactors predominately from either the cometary disk or the
main asteroid belt.

By contrast, we cannot fully rule out the possibility that the im-
pactites analyzed here predominantly sampled E-belt asteroids,
such as predicted in the third variant of the Nice model. In this case,
there would still be a small contribution of main-belt asteroids to
the cataclysmic LHB (e.g., two to three basins of ~12) (63, 64), and
we would, therefore, expect an offset of the impactites’ £'°’Ru toward
more negative values (i.e., the typical values of main belt asteroids as
sampled by meteorites). However, if anything, the £'°’Ru values of
the lunar impactites are more positive than, albeit not resolved from,
enstatite chondrites (Figs. 2 and 3). Thus, if future measurements on
alarger sample set show similar compositions as observed here, it would
preclude any appreciable contribution from main-belt asteroids and
would, therefore, make a late instability less likely in general.

In contrast to a terminal cataclysm, a monotonically declining
bombardment consisting of leftover planetesimals as the cause of
the LHB would naturally result in identical Ru isotopic composi-
tions of late-accreted materials and the lunar impactites. In this
case, the impactors that contributed to late accretion and the LHB
derive from the same population of planetesimals and, therefore, have
the same isotopic composition. This model of the LHB does not
require a specific late dynamical event that scattered planetesimals
into the inner solar system, because the impactors that bombarded
the terrestrial planets originated from orbits like those of the targets.
This model also naturally accounts for the same, enstatite chondrite-
like isotope composition of Earth’s major building material, the
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late-accreted material, and the lunar impactites, because all derive
from the same population of bodies, which dominated the terres-
trial planet region. Hence, we argue that an accretion tail origin of
the LHB is the most straightforward and consistent interpretation
of the isotopic data.

An accretion tail origin of the LHB implies that the required giant
planet instability (25) occurred well before the LHB and before late
accretion in general. Therefore, this interpretation is consistent
with recent dynamical models that argue for an early giant planet orbital
instability (26-30, 65). It also is consistent with the crater-size fre-
quency distribution on the Moon, which has been interpreted to
reflect a monotonically declining bombardment consisting predomi-
nately of leftover planetesimals from the terrestrial planet region (12).

An NC late accretion

The Ru and Mo isotopic data for the impactites also have important
implications for constraining the nature and provenance of late ac-
cretion in general. As a moderately siderophile element, the BSE’s
Mo predominantly derives from the final 10 to 15% of accretion
(50), and so, its isotopic composition does not only record late ac-
cretion but also earlier-accreted material (66). By contrast, the BSE’s
Ru derives virtually entirely from late accretion, so the BSE’s Ru
isotopic composition is that of the average late-accreted material.
The observation that the Ru isotopic composition of the lunar im-
pactites is identical to that of the late-accreted material, therefore,
implies that the Mo isotopic composition of the lunar impactites is
also that of the average late-accreted material. This is important be-
cause the Ru isotopic composition of the BSE alone cannot un-
equivocally distinguish between an NC- and CC-dominated late
accretion, because mixing with CC material would only change the
Ru isotopic composition along the s-process mixing line (Fig. 2A).
By contrast, Mo isotope systematics allow the NC and CC meteorites
to be clearly distinguished (Fig. 2B). Consequently, that the lunar
impactites plot on the NC-line in Mo isotope space close to enstatite
chondrites (Figs. 2B and 3B) demonstrates that late-accreted mate-
rial in general originated in the NC reservoir (i.e., the inner solar sys-
tem) and, like the majority of Earth’s building material (50), had an
enstatite chondrite-like isotopic composition on average.

Our finding of an isotopically enstatite chondrite-like late accre-
tion is consistent with earlier results based on the Os (2) and Ru
isotope composition of the BSE (38) but contrast with the interpre-
tations of some other recent studies. For instance, on the basis of the
discovery of positive £'°’Ru in some Eoarchean terrestrial rocks, it
was argued that late accretion also included material characterized
by negative £'®Ru and that this was carbonaceous chondrite-like
material (7). Yet, most NC meteorites are also characterized by neg-
ative £'®Ru, and so the presence of material having negative £'*Ru
in the late accretionary assemblage does not require the incorporation
of CC material. Previous studies also used Se-Te-S relative abundances
(4) and mass-dependent Se isotope variations (8) to argue that late
accretion consisted of volatile-rich carbonaceous chondrite-like ma-
terial. However, these compositions may not be restricted to the CC
reservoir, and they can be subject to fractionation processes in Earth’s
mantle, such that the BSE composition for these elements is not well
constrained (67, 68). Hence, chemical- and mass-dependent isotope sig-
natures of volatile elements such as Se, Te, and S provide less-stringent
genetic tracers for the provenance of late accretion.

By contrast, the Mo isotopic composition inferred for late accre-
tion from the lunar impactites is exclusive to the NC reservoir and,
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if representative of late-accreted materials in general, would limit
the mass fraction of CC material in the late accretion assemblage to
less than ~20% (see Materials and Methods). Given that the estimated
water and highly volatile element content of Earth may require the
accretion of ~1 to 2% of Earth’s mass of CI-like material (6), a late
accretion of ~0.5% of Earth’s mass with <20% CC contribution could
not be a major source of Earth’s volatiles. Hence, the NC-like Mo
isotopic composition of the late-accreted material inferred from
lunar impactites, along with the mixed NC-CC Mo isotopic com-
positions of the BSE (Fig. 2B) (66), implies that Earth accreted volatile-
rich CC-like material before late accretion.

MATERIALS AND METHODS

Samples

The samples studied here were targeted for their relatively abun-
dant metal, and they represent a range of compositions and textures
(Fig. 1 and table S1). Apollo samples 60315 and 62235 are poikilitic
impact melt rocks, whereas 68815 is a glassy polymict breccia con-
sisting of various, generally small impact melt clasts in a glassy matrix
(69). Northwest Africa 11228 consists of many millimeter- to
centimeter-sized pieces and is described as a feldspathic fragmental
breccia by the Meteoritical Bulletin. It is possibly paired with several
other NWA meteorites, including NWA 8673 (70). Northwest Africa
5000 is a feldspathic breccia and contains gabbroic impact melt clasts
in a dark impact melt matrix. The samples have a range of cosmic ray
exposure (CRE) ages of 2.04 + 0.09 Ma (68815), 5 + 3 Ma (60315),
153 + 3 Ma (62235), and ~600 Ma (NWA 5000) (71-73). Although
prolonged CRE may modify Ru and Mo isotope compositions, this
effect was evidently not important for the samples of this study because
68815 and NWA 5000 have indistinguishable Ru and Mo isotopic
compositions despite their different CRE ages.

Because of the low abundance of Ru and Mo in the lunar crust
(74, 75) and the comparatively high abundances in projectile mate-
rials, the Ru and Mo isotopic compositions of the impactites repre-
sent those of the impactors. The metals in the Apollo 16 samples have
elevated average Ni contents, relative to endogenous metals formed via
Fe reduction, ranging from ~5 (62235) to ~6.7 (60315) weight % (76, 77).
This, in addition to the elevated HSE abundances in the Apollo 16
and meteorite metal, suggests an exogenous origin for these elements
and likely most of the metal itself. An important question is whether
impacts of oxidized, metal-poor material, like some carbonaceous
chondrites, would result in impactites with little metal, such that sam-
pling for this work could be biased to reduced, metal-rich impactors.
However, the lunar target lithologies are reduced and would con-
tain metal in the near surface from previous impacts, or minor na-
tive metal formed by Fe reduction. During the impact of an oxidized,
metal-poor projectile, it is likely that the Ru and Mo would be scav-
enged into impact-remelted metal. Therefore, we suggest that sam-
pling will not be appreciably biased in such a way.

Between ~3 and ~5 g of the Apollo samples and ~7 and ~19 g of
the meteorites were powdered using an agate mortar and pestle
dedicated for lunar samples only. The metal containing all the Ru
and Mo was separated using a neodymium hand magnet from the
progressively finer grain size fractions of the powder, yielding be-
tween 30 and 75 mg of metal and sulfides mixed with adhering sili-
cate (table S4). Every effort was made to extract the total magnetic
fraction, but it is likely that very small grains (<<60 um) still embedded
in silicate were not extracted. This fraction amounted to a negligible
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mass (<1 mg) and even at very high concentrations of Ru and Mo
would have contributed a minor fraction of the analytes. For most
samples, the metal grains ranged in size, with most between the
250- and 60-pm sieve mesh sizes, although some grains larger than
250 um and smaller than 60 um were present in all samples. The
grains from the Apollo 16 samples had bright metallic luster and
minimal rust. Metal from the two meteorite samples was more rusted,
so fractions that were less magnetic relative to those used for the
Apollo samples were processed for NWA 11228. As plenty of rela-
tively silicate-free metal was separated from NWA 5000, only this
fraction was processed. The terrestrial weathering of the two mete-
orites is expected to have no effect on the Ru or Mo isotopic compo-
sitions as, compared to the metal, the concentrations of Ru and Mo
in the crust are generally low and the isotopic compositions are cor-
rected for any natural (and instrumental) mass fractionation that
may have occurred.

Chemical purification procedures

Separated metals were digested either in quartz tubes using 5 ml of
concentrated HNOj3 and 2.5 ml of concentrated HCI (aqua regia) in
an Anton Paar High-Pressure Asher (320°C for 12 hours) (sam-
ples NWA 11228 and 60315) or by table-top digestion, using 6 M
HCI with traces of HNOj (130°C, 48 hours) (samples NWA 5000,
62235, and 68815). The Ru was separated from the matrix and puri-
fied using a four-stage cation and anion chromatography procedure
similar to that described in (78). Briefly, the samples were slowly
dried and converted to 0.2 M HCI, which was loaded onto a pre-
cleaned Bio-Rad Econo-Column containing 10 ml of cation resin,
from which the Ru and other HSE were eluted with 0.2 M HCI. Mo-
lybdenum was eluted in 1 M hydrofluoric acid (HCI)-0.1 M HF. The
Ru cuts were dried and then taken up in a 0.2 M HCl-10% Br; solu-
tion, allowed to rest on a hot plate at 100°C overnight, and loaded
onto a ~0.25-ml weak anion DEAE resin column to separate Ru and
Pd. The Ru was eluted with 5 ml of 0.2 M HCI-10% Br,. The sam-
ples were further purified with respect to Zr and Mo by loading and
eluting Ru in 1 M HF on a 2-ml anion resin Bio-Rad column. Re-
maining Zr was eluted in 6 M HCI-1 M HF. For samples with sub-
stantial amounts of remaining Mo after the first cation column, Mo
was collected in 3 M HNOj; and combined with the previous Mo
cut. Often, not all the Ru was eluted in 1 M HF and was eluted along
with Zr in 6 M HCI-1 M HF, and the anion column had to be repeated
for this cut. Last, a small version of the cation column described above
with 2 ml of cation resin was used to remove the remaining Fe from
the Ru, and the anion column was repeated a third or fourth time to
remove the remaining Mo. The chemical separation procedures re-
sulted in Mo/Ru between 2 x 107> and 4 x 10™* and Ru/Pd between
4 x 107 and 1 x 107, which were sufficiently low for precise and
accurate interference corrections to be made (fig. S1) (40). The total
analytical blank was <100 pg (n = 3), which was negligible for all
samples. While concentrations for metals within these rocks are not
well constrained due to their wide variability, the yield for the entire
separation procedure was ~55 to 90% based on initial contents mea-
sured using a Thermo Scientific X-Series quadrupole inductively
coupled plasma mass spectrometer (ICP-MS).

The Mo chromatographic procedure was similar to that of (79).
Molybdenum cuts from the Ru chemistry were purified of Fe and
other matrix elements using a Bio-Rad column filled with 2 ml of
anion resin. The samples were loaded, and Fe was eluted in 1 M HF,
high-field strength elements were eluted in 6 M HCI-0.01 M HF, W
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was eluted in 6 M HCI-1 M HF, and Mo was finally eluted in 3 M
HNOjs. The Mo was further purified of Ru and Zr using a bulb pi-
pette column filled with 1 ml of TRU-Spec resin. This column was
done twice: first, loading in 1 M HCl and eluting Mo in 0.1 M HCl,
and second, loading in 7 M HNOj3 and eluting Mo in 0.1 M HNO:s.
After this chemistry, Zr/Mo and Ru/Mo were typically between
7 %1077 and 3 x 10™* and between 1 x 107 and 3 x 107, respectively.
For 60315 during one analysis, the Zr/Mo was somewhat higher
(~9 x 107", but after repeating the TRU-Spec column, the Zr was
7 x 107, and the two analyses were consistent with one another and
with the other lunar impactites. Overall, the Zr/Mo of the purified Mo
cuts was low enough for accurate and precise interference corrections
(fig. S1) (43). The total analytical blank for Mo was 6 ng (n = 3),
which was negligible for all samples. The yield for this separation pro-
cedure was ~65 to 90%.

Mass spectrometry

Ruthenium and Mo analyses were conducted using a Thermo Sci-
entific Neptune Plus Multicollector MC-ICP-MS at the Institut fiir
Planetologie, University of Miinster. Only 70 to 200 ng of Ru and 80
to 200 ng of Mo were extracted from the samples, which reflects the
overall low amount of impactor-derived metal in lunar impactites.
These quantities of Ru and Mo were insufficient for analyses using
previously reported Ru and Mo isotope measurement techniques
using 100 parts per billion (ppb) solutions and a standard cone set-
up for the plasma interface (40, 43). Therefore, an X-skimmer cone
was used in place of the standard H-skimmer cone, coupled with a
standard sampler cone. This configuration increases the sensitivity
by a factor of 2, so 50 ppb solutions could be used for signals of 1 V
or greater on '"’Ru and 3 V or greater on **Mo over 100 cycles with
8-s integration times (i.e., the typical setup used in previous studies). To
test the accuracy and precision of the measurements with the new
cone configuration, several previously measured samples were
remeasured, some of which were analyzed in the same sessions as
the lunar impactites. These results are summarized in tables S5 and
S6 and collectively show that results for all samples were in excellent
agreement with previous measurements. Only the Ru isotope anal-
yses for metal separated from Ochansk (H4) gave a slightly lower £'®Ru
using the X-skimmer setup compared to a previous measurement
on a bulk sample (40). This difference may reflect using different
samples of this meteorite (e.g., variable CRE shielding conditions or
using separated metal, instead of bulk powder in a partially equili-
brated H4 chondrite); nevertheless, the measured values agree within
uncertainty.

The Ru and Mo isotopic compositions are reported in € notation
(parts-per-10* deviations from terrestrial standards) and are nor-
malized to *Ru/''Ru = 0.745075 (80) and **Mo/**Mo = 1453173 (81).
Interference corrections for £'®’Ru were typically <0.5 €, but for two
samples were larger, between 2.7 ¢ (NWA 11228) and 3.4 £ (60315).
Despite the variable interference corrections, all samples display in-
distinguishable &'®Ru. This and the fact that the magnitude of the
interference corrections is well within the range where accurate cor-
rections can be made (fig. S1) demonstrate the accuracy of these cor-
rections. For £”*Mo and €”°Mo, the interference corrections were
typically 1.3 to 4.7 € and 0.2 to 0.5 &, respectively, which was also with-
in the range of accurate corrections (fig. S1) (43). As for Ru, despite
the variable corrections, all impactites have indistinguishable Mo
isotope compositions, again demonstrating that these corrections
are precise and accurate. This was also monitored by measuring an
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ocean island basalt with Zr/Mo between 2 x 107 and 4 x 107
which reproduced well with other terrestrial rock data (table S6).

Data for £”°Ru, £'*Ru, £’ Mo, £”’Mo, and £'*Mo are reported
in tables S2 and S3, along with the data presented in the main text
for completeness. The £”°Ru data, however, could not be corrected
for Zr interferences, because the cup setup did not allow for moni-
toring Zr masses. Therefore, the reported £”°Ru should be consid-
ered an upper limit. The e”*Ru data are not reported, as the low
abundance of **Ru (and of Ru in these samples) limits the precision
and accuracy of the **Ru data. Note that the £”°Ru and £'"*Ru data
are consistent with the measured £'”’Ru and £'*Ru values, because
at £'“Ru ~0, the £”°Ru and £'**Ru are also expected to be within un-
certainty of zero (40), which is observed. Likewise, the £ Mo, £’ Mo,
and &'’ Mo data are also consistent with the £**Mo and £°Mo data,
given that they are all consistent with a similar s-process deficit. More-
over, plots of £”*Mo or £”*Mo versus £”> Mo, £’ Mo, or £'*’Mo all show
the NC-CC dichotomy, albeit not as definitively as the £**Mo versus
£”Mo plot, and on all these plots, the mean of the lunar impactites
falls on the NC array.

Calculation of maximum CC contribution to late accretion
Following (66), the mass fraction of CC material in the impactor
population represented by the impactites can be calculated from their
position between the NC- and CC-lines in the £”°Mo-&”*Mo dia-
gramasfcc = (A Mormpactites — A*Moye)/(A%*Mocc — A”Monc), where
A>*Mo is defined in Table 1. Using AMonc of -9 + 2, AQSMOCC of
+26 + 2 (66), and the A”Mo of the weighted average of the lunar
impactites, we calculate a CC fraction of -0.03 * 0.26. However,
recent work has shown that the slope of the NC-line is slightly shal-
lower than that of the CC-line, meaning that there is not a single
characteristic A”Mo value for all NC meteorites, which instead de-
pends on the position of a given sample along the NC-line (82).
Nevertheless, these nonuniform A*’Mo values among NC meteor-
ites have only a small effect on the overall uncertainty of the calcu-
lated CC mass fractions. For instance, given that the lunar impactites
plot on the NC-line close to the composition of enstatite chondrites, the
NC component in the impactites must have an enstatite chondrite-
like Mo isotopic composition. Using the typical A”Mo = ~7 + 4 of
enstatite chondrites in the above equation results in a CC fraction
of -0.09 + 0.29 instead of -0.03 + 0.26 as calculated using the nominal
A®Mo = -9 + 2 of the NC reservoir. These two values are essential-
ly identical and indicate that if the impactites are representative of
late accretion in general, this would allow only up to ~20 to 25% of
CC material in the late accretionary assemblage. We stress, however,
that because of the low probability that the true fraction of CC ma-
terial is at the limit of the uncertainty of the lunar impactite average
and considering the BSE-like Ru isotopic composition of the impac-
tors, it is likely that the CC contribution to late accretion would be
considerably less than 20 to 25%, and the true CC contribution to
late accretion may be much lower (and in fact may be zero).

Statistical analysis

The external reproducibility (2SD) of the Ru and Mo isotope mea-
surements was estimated by repeated analyses of an iron meteorite
sample using the same setup as for the lunar impactites, which gave
the following results: +0.49 €”°Ru, +0.14 £'*Ru, +0.17 'Ry, and
+0.33 e'™Ru (n = 38); and +0.33 £”°Mo, +0.18 £”*Mo, +0.16 £°Mo,
+0.09 £’ Mo, and +0.23 £!°°Mo (n = 17). This external reproducibil-
ity was applied as the uncertainty for samples measured up to three
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times. For samples measured more than three times, the 95% CI of
the mean was used as the uncertainty. Weighted means were calcu-
lated using ISOPLOT (83) and were weighted only by the uncertainty
of individual data points. The uncertainty of the weighted mean is
the 95% confidence limit, which equals toVMSWD (mean square
weighted deviation). Uncertainties of literature data are the same as
reported in those references.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abh2837
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