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PLANETARY SCIENCE

High-precision U-Pb zircon dating identifies a major
magmatic event on the Moon at 4.338 Ga

Mélanie Barboni'*t, Dawid Szymanowski2’3*1‘, Blair Schoene?, Nicolas Dauphas4, Zhe J. Zhang4,

Xi Chen*, Kevin D. McKeegan5

The Moon has had a complex history, with evidence of its primary crust formation obscured by later impacts. Exist-
ing U-Pb dates of >500 zircons from several locations on the lunar nearside reveal a pronounced age peak at
4.33 billion years (Ga), suggesting a major, potentially global magmatic event. However, the precision of existing
geochronology is insufficient to determine whether this peak represents a brief event or a more protracted period
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of magmatism occurring over tens of millions of years. To improve the temporal resolution, we have analyzed
Apollo 14, 15, and 17 zircons that were previously dated by ion microprobe at ~4.33 Ga using isotope dilution
thermal ionization mass spectrometry. Concordant dates with sub-million-year uncertainty span ~4 million years
from 4.338 to 4.334 Ga. Combined with Hf isotopic ratios and trace element concentrations, the data suggest zir-
con formation in a large impact melt sheet, possibly linked to the South Pole—Aitken basin.

INTRODUCTION

Analyses of samples retrieved by the Apollo missions (Fig. 1, A and B)
have revealed that the Moon originated from a nearly fully molten
state, with subsequent mineralogical and chemical differentiation
during cooling and solidification of the lunar magma ocean (LMO)
giving rise to a layered structure of the lunar crust and mantle
(1). Subsequent magmatism and impacts have additionally left im-
prints on lunar rocks complicating efforts to discern the Moon’s
early history. For example, evidence for a spike in large basin-forming
impacts ~4.0 to 3.8 billion years ago (Ga), suggesting a “terminal
lunar cataclysm” (2), was initially proposed based on U-Pb analyses
that indicated the presence of a parentless radiogenic Pb component
widely distributed among nearside lunar rocks and soils. Later
“Ar/”Ar dating was interpreted as confirming a spike in impacts
(3), but the Moon’s early impact history is obscured in *°Ar/*Ar
data due to saturation of the lunar surface from numerous impacts
(4, 5). In contrast, most applications of the Rb-Sr and Sm-Nd chro-
nometers have focused on determining igneous ages rather than
dating impact events (6, 7).

Zircon crystals found in Apollo samples provide an alternative
means to unravel the complex records of early lunar events through
U-Pb dating, trace element concentrations, and Hf isotope compo-
sitions (8-18). To date, in situ secondary ion mass spectrometry
(SIMS; or ion microprobe) analyses have determined over 500 Apol-
lo and lunar meteorite zircon ages. Zircons from Apollo 14, 15, and
17 samples (and, to a lesser extent, from lunar meteorites) show a
pronounced peak in **’Pb/**Pb ages at ~4.33 Ga (Fig. 1C). This
peak may mark the final crystallization of the LMO (19, 20) or it
could reflect a spike in global magmatism triggered by a massive
impact event such as the formation of the South Pole-Aitken (SPA)
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basin (21, 22). Distinguishing between these scenarios is difficult
because the precision of SIMS analyses is insufficient to determine
whether zircon ages reflect a brief catastrophic melting event or
more protracted magmatic processes spanning tens of millions of
years (16). In this study, we selected Apollo 14, 15, and 17 zircon
crystals that were previously dated by SIMS at around 4.33 Ga
(16, 17). We analyzed these crystals using a more precise methodology,
isotope dilution thermal ionization mass spectrometry (ID-TIMS),
to obtain new U-Pb dates. The ID-TIMS technique yields uncertain-
ties as low as ~500 thousand years (26), enabling examination of
both the precise timing and potential duration of zircon crystalliza-
tion events at 4.33 Ga. Combined with trace element compositions
and neutron capture-corrected initial Hf isotopic ratios of the dated
zircons (23), we then use these data to discuss the timing and nature
of events on the early Moon.

RESULTS
We targeted 13 zircon crystals with published in situ **’Pb/**°Pb
dates around 4.3 Ga collected across three Apollo sites (11 of which
gave ages around 4.33 Ga): 10 from Apollo 14, one from Apollo 15,
and two from Apollo 17 (Fig. 2). To isolate concordant age domains,
the zircons underwent a stepwise dissolution procedure with two
6-hour, 180°C partial digestion steps in hydrofluoric acid (leachates
1 and 2, abbreviated L1 and L2) followed by complete 210°C acid
digestion of the remaining residue (R) (15). All zircon residues
Zielded near-concordant ID-TIMS dates [within ~0.3% of the
7pb/*U-2%Pb/*8U concordia curve defined by the mean values
of the U decay constants (24); Fig. 2 and data S1]. Most 207p,/2%p,
dates also showed good agreement with the corresponding in situ
SIMS results (fig. S2).

The first leachates (L1) had elevated common lead (Pb.) and were
often discordant (reflecting contamination) and so they were ex-
cluded from further interpretation. The second leachates (L2) and
residues (R) displayed variable radiogenic Pb* to common Pb ratios
(Pb*/Pb. =9 to 2583), affecting sensitivity to the assumed Pb. com-
position (fig. S3). Residue dates are most reliable, with Pb*/Pb. of 90
to 2583 making them highly insensitive to Pb. corrections. Their
concordance also suggests closed-system U-Pb behavior since zircon
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Fig. 1. Previous lunar zircon chronology. (A and B) Images of the near (A) and far (B) side of the Moon indicating the landing locations of Apollo missions and the major
lunar basins. SPA, South Pole-Aitken. Images from NASA. (C) Distributions of previously reported SIMS 207p}y/2%6pp, dates obtained on zircons from Apollo samples and

from lunar meteorites. A complete list of references is available in data S1.
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Fig. 2. New U-Pb dating of 4.3-Ga Apollo zircons. Wetherill concordia diagrams illustrating SIMS (A) and ID-TIMS (B) U-Pb dates for zircons in this study with their 95%
confidence envelopes. ID-TIMS results, also shown as inset of rank-ordered 207pp129p, dates within the main 4.33-Ga peak, are divided into residue (R) and second leach-
ate (L2) aliquots. Samples with the prefix 14 are from Apollo 14; 15, Apollo 15; and 7, Apollo 17.
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formation; thus, residues are the focus of our interpretations. In
contrast, second leachates (L2) show variable levels of discordance
including some analyses that are reversely discordant (*°Pb/***U
date >**"Pb/**U date). Reverse discordance is caused by elemental
fractionation of U from Pb; in this case, it appears to have occurred
without Pb isotope fractionation, resulting in L2 **’Pb/**Pb dates
that are in most cases consistent with those of the respective zircon
residue. On the basis of acid leaching experiments (25), we suggest
that the presence of this effect in some L2 leachates is an artifact re-
sulting from partial dissolution rather than a natural feature.

Analytical repeatability of *”’Pb/**Pb dates was determined to
be better than 0.01% relative standard deviation through analysis of
a synthetic 4.56-Ga U-Pb solution (data S1) (26). This confirms that
analytical issues associated with mass spectrometry do not create
additional scatter in our U-Pb isotope data. Accuracy and concor-
dance of the U-Pb dates instead depend on:

1) The assumed origin and composition of the common Pb (Pb,)
component. While some L2 Pb, exceeds expected laboratory con-
tamination (data S1), sensitivity tests show that even assuming end-
member lunar Pb. compositions ranging from primordial [e.g.,
Canyon Diablo troilite (27)] to hypothetical highly radiogenic lunar
Pb. (28) would cause minimal change (< uncertainty) to the residue
297pb/*%pPb dates (fig. S3). Anomalous Pb. compositions may fur-
ther affect discordant L2 analyses but leave the radiogenic residues
unchanged.

2) The assumed mass of laboratory blank U, which affects con-
cordance but not 2’Pb/?%Pb dates (fig. S4).

3) The assumed zircon 2**U/**°U of 137.818 + 0.045, consistent
with terrestrial magmatic accessory minerals (29, 30). Substantial
deviations in lunar zircon outside this range [e.g., from cosmic ray-
induced fission (31)] may cause additional uncertainty but this is
difficult to quantify (fig. S4).

Applying the most conservative data reduction assumptions,
we obtained 23 near-concordant L2 and R aliquots from 13 zircons
(Fig. 2B and data S1). Eight aliquots gave *’Pb/2*Pb dates between
4300 and 4330 million years (Ma), while most of the dates cluster
around 4336 Ma. Considering only residues and high Pb*/Pb. L2s
within that cluster, we observed a well-resolved range of *’Pb/**°Pb
dates from 4338.47 + 0.59 Ma to 4334.24 + 0.56 Ma. While this
cluster is primarily defined by the Apollo 14 samples, the ages of the
three Apollo 15 and 17 samples fall within it.

Following U-Pb dating, we analyzed the leachate and residue
fractions of the zircons for trace element concentrations and Hf iso-
topic compositions (data S1). The zircon Hf isotopic ratios required
correcting for neutron capture effects from cosmic ray exposure in
lunar rocks (23, 32, 33). After applying this correction, all initial
g'7®Hf values for the 4338 to 4334-Ma zircons are indistinguishable at
—1.13 £ 0.73 [20, SE on the weighted mean &'7°Hf for the 4.33-Ga peak,
chondrite uniform reservoir values from (34); Fig. 3A and data S1].
However, these zircons do display more heterogeneity in various
elemental concentrations and ratios (Fig. 3, B and C, and data S1).

DISCUSSION

Examining sampling biases

The peak of zircon crystallization ~4.33 Ga documented in several
ion probe studies of lunar zircon has been interpreted to represent
the occurrence of a global magmatic event(s) on the nearside of the
Moon (9, 13, 16). To explore the nature and duration of this apparent
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Fig. 3. Hafnium isotopes and trace elements in zircon. (A) Neutron capture cor-
rected &'7®Hf versus ID-TIMS age for the 4.33-Ga zircons presented in this study;
(B) Lu/Hf versus age; (C) in situ Al (ppm) in zircon versus best ID-TIMS age. Al in zir-
con has been shown to be an indicator of the major element composition of the
melt; for a given temperature, a melt with higher alumina activity (i.e., Al concentra-
tion) will produce zircons with higher Al than a low alumina activity melt (77, 90).

zircon crystallization pulse, we analyzed 11 grains that were previ-
ously dated by SIMS at ~4.33 Ga, sourced from Apollo 14, 15, and 17
landing sites spanning hundreds of kilometers (Fig. 1A). By apply-
ing the more precise ID-TIMS method, we obtained new U-Pb dates
on this subset. Eight of the 11 grains yielded ID-TIMS **’Pb/**Pb
dates concentrated within a mere ~4 Ma span centered around 4336 Ma.
While this subset represents just 5% of all ~4.33-Ga SIMS lunar zir-
con analyses reported to date (n = 186 grains), Monte Carlo simula-
tions (n = 10,000 draws) indicate a <1% probability that a random
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draw of 11 ~4330-Ma SIMS grains would produce a subset of 8 grains
with ID-TIMS ages clustered between 4334 and 4338 Ma. There-
fore, we can conclude with statistical confidence that the appar-
ent ~4.33-Ga SIMS peak, for which uncertainties are on the order
of tens of millions of years, has now been resolved by ID-TIMS to fall
within a ~4 million-year window of zircon crystallization and that
this is not due to a chance selection of grains that fortuitously fall
within that narrow range. Additional zircon U-Pb dates between
~4305 and 4320 Ma were also found, which could potentially relate
to similar lunar process(es) (impact or LMO differentiation). While
expanding the high-precision ID-TIMS dataset is an important next
step, our results reveal that the ~4.33-Ga zircon population is het-
erogeneous in its crystallization history over a 4-Ma time scale. We
use the distinct subset of zircons dated to 4338 to 4334 Ma, com-
bined with associated trace element and Hf isotopic signatures, to
begin unravelling the origins of this apparent spike in zircon pro-
duction on the early Moon.

Do the U-Pb dates represent zircon crystallization?

The U-Pb system in zircon is highly resistant to thermal disturbance
(35); however, postcrystallization Pb loss remains a possibility for
lunar grains that likely experienced impact shocks (9, 36-39), po-
tentially biasing the apparent duration of our 4.33-Ga peak. Identi-
fying ancient (4 Ga or older) Pb loss in the zircons examined here is
difficult since its trajectory in the U-Pb space would be essentially
parallel to the concordia curve, resulting in little to no apparent dis-
cordance. Several studies investigating potential Pb loss in lunar zir-
cons linked to impacts focused on within-grain SIMS *’Pb/**°Pb
age distributions and microtextures and concluded that the best cri-
terion to identify zircons with reliable ages is intragrain consistency,
in particular if ages agree within primary textural domains identified

A Lunar magma ocean

B One impact

in cathodoluminescence (CL) (37, 40). The studied zircons are all
fragments of larger crystals that show uniform internal textures with
no evidence that they contain more than a single zone (17) (fig. S1),
suggesting a relatively simple crystallization history. Unfortunately,
only one SIMS 2’Pb/**Pb spot per grain was originally analyzed on
these zircons (16, 17), preventing us from assessing the intragrain
age variability with in situ data. However, we find a good level of
high-precision ’Pb/**°Pb age consistency in R-L2 pairs within the
4.33-Ga peak (Fig. 2B), suggesting that if the zircons suffered partial
Pb loss postdating their original crystallization, its timing was likely
constrained to within the observed 4.33-Ga peak itself. While we
cannot categorically exclude early partial Pb loss, complete Pb loss
and resetting is unlikely, so its potential effect would be of increasing
the apparent duration of the prominent 4.33-Ga age peak. Conse-
quently, the true duration of zircon crystallization in the sampled
magmatic event was at most ~4 million years.

Meaning of the 4.33-Ga peak

Considering the arguments developed above, we interpret our
4.33-Ga zircons to represent a major, potentially global magmatic
event happening on the Moon at that time. We explore here three
scenarios (summarized in Fig. 4) that could yield zircon crystalliza-
tion in a narrow time window and explain finding these zircons
throughout a large portion of the Moon’s nearside. The first one is
zircon crystallization in the KREEP residual melt that records final
solidification of the LMO (10, 12). The second scenario invokes a
large impact, resulting in zircon formation in the differentiating
melt sheet (16, 38) and dissemination over the nearside of the Moon
via subsequent impact events (41, 42). The third option is a short
period of intense impact activity where melt sheet zircons result
from multiple impacts (9). Each hypothesized scenario would yield

C Multiple impacts

Crust

¢ \/

U-Pb Wide age peak
ages with onset at >4.46 Ga
Hf Temporal variations
isotopes reflecting evolution of KREEP
trace
elements

Narrow age peak ¢/

Homogeneous isotopic ratios v

\J LAV /

A range of ages

Heterogeneous isotopic ratios

Heterogeneous, reflecting local crystallization conditions in the last pockets of melt v

Fig. 4. Three possible scenarios to form the observed peak in zircon crystallization age at 4.338 Ga. (A) Formation in the final melts of the LMO, (B) formation in a
large, homogenized impact melt sheet, and (C) formation within multiple impact melt sheets formed around 4.338 Ga. Table indicates if the observed age distribution, Hf
isotope, and trace element compositions meet what is expected for each scenario (see text for details).
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different distributions of U-Pb ages, as well as Hf isotope and trace
element characteristics that we consider below.

The possibility of the 4.33-Ga zircon population originating from
late-stage LMO (Fig. 4A) crystallization is considered first since the
KREEP reservoir must have supplied Zr for primary zircon growth
(10, 38) and LMO solidification would be a global process that
could produce primordial lunar zircons across widespread Apollo
sites (I). The apparent preponderance of ages around 4.3 Ga record-
ed in diverse lunar samples dated by different radiometric systems
(*7Pb-2°°Pb, ’Sm-'*Nd, and "**Sm-'**Nd) has been used to sug-
gest that the Moon itself formed around that time, although a global
secondary magmatic event such as a large impact was not excluded
[see discussion in (19) and (20)]. However, Moon formation around
4.3 Gais in contradiction with ages of the oldest lunar zircons found
in multiple Apollo samples (Fig. 5) and reported at 4460 + 31 Ma
(sample 72255), 4416 + 35 Ma (14304), 4404 + 20 Ma (14321),
4429 + 55 Ma (15405), 4409 + 13 Ma (73235), and 4417 + 6 Ma
(72215) [all concordant analyses, errors reported as 16 (9, 10, 12, 13,
18, 36, 39); Fig. 5]. In principle, a disturbance of the typically robust
zircon U-Pb system could possibly compromise these old ages; how-
ever, a recent study (18) using atom probe tomography demonstrat-
ed that the oldest grain documented until now (at 4460 Ma) shows
no Pb clustering, supporting the ability of this old age to record pri-
mary lunar crystallization rather than later impact mobilization.
Additional reliability indicators come from the age consistency be-
tween grain fragments and lack of complex zoning in several of
these >4.4-Ga zircons (10, 12, 13). Melt evolution modeling con-
strains the start of zircon crystallization to when the LMO exceeds
99.9% solidification (43). Hence, the oldest zircons likely date near-
final LMO lockup, no later than ~4430 Ma. A near-complete LMO
solidification by ~4430 Ma is corroborated by 4.41- to 4.47-Ga Lu-
Hf model ages measured for the KREEP reservoir [whole-rock and
zircon data (32)], assumed to represent the last LMO residual melt,
and zircon Hf isotopic evidence suggesting separation of urKREEP
from the LMO by no later than ~4.5 Ga (15). For the observed 4.33-Ga
lunar zircon population to have crystallized from residual LMO
melts would require that fractionated, low-volume melts persisted

KREEP closure
model ages

- =
>

lunar zircons

ID-TIMS

4300 4450

Age (Ma)

Fig. 5. Zircon data relevant to the timing of LMO solidification. Oldest Apollo
zircon [4460 + 31 Ma, sample 72255 (18, 39), purple field] sets a minimum age of
zircon saturation in KREEP (LMO > 99% crystallized). Also indicated: all published
>4.4-Ga lunar zircon 2°’Pb/2°pb ages (9, 10, 12, 13, 36) (black, all concordant analy-
ses), a distribution of all previously reported SIMS zircon 2’Pb/**Pb dates >4.3 Ga
(as in Fig. 1), minimum lunar crust-mantle differentiation time (75) (yellow star),
KREEP model age obtained from Lu-Hf data on zircon and KREEP-rich samples (32),
and our 4.33-Ga ID-TIMS peak.
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for a protracted period of at least ~90 million years after initial LMO
solidification (Fig. 5). Estimates of LMO life span derived from ther-
mal modeling show a range of results, with some models permissive
of the LMO existing until our zircon peak and others prohibiting it
(fig. S5) (44-50). While several LMO thermal models indicate so-
lidification extending beyond 4.33 Ga, such slowly cooled LMO
should produce zircons with a wide distribution of crystallization
age rather than a distribution centered on one narrow peak at 4.33 Ga.
The conspicuous scarcity of zircon ages between 4.43 and 4.33 Ga fol-
lowed by a marked peak at 4336 + 2 Ma (Fig. 5) is thus inconsistent
with an age distribution expected from slowly cooling residual LMO
melts. We conclude that the pronounced peak at 4.33 Ga more likely
reflects rapid zircon production in an episodic event. Our preferred
explanation is the occurrence of a very large impact, leading to new,
concordant zircons crystallizing in the differentiating melt sheet
that had incorporated a KREEP component (14, 38). Such an impact
event would also align with finding ca. 4.33-Ga zircons across mul-
tiple Apollo sites, as gardening by subsequent cratering would dis-
seminate material over a wide area (41, 42). Last, we note that such
a large impact could disturb whole-rock isochron ages potentially
explaining some of the 4.3 Ga ages recorded by the 2°/Pb-*"°Pb,
7Sm-"*Nd, and "**Sm-'*Nd systems in multiple lunar samples (19, 20).

As previously noted, it is conceivable that several smaller impacts
occurring close to 4.33 Ga could also explain the zircon ages and
wide distribution over the lunar surface (Fig. 4C). However, consid-
ering the homogeneity of Hf isotopic ratios in our 4.33-Ga grains
(Fig. 3A), we suggest that zircon production from one large impact
is more likely than from multiple, smaller impacts occurring within
about 4 million years. Hafnium isotopic ratios across different lunar
whole rocks show a large difference between mantle-derived sam-
ples [positive £'7Hf up to +20 at 3.9 Ga (32)] and samples derived
from the differentiated KREEP layer characterized by relatively
unradiogenic ¢'7®Hf [-5.5 at 3.9 Ga (32)], although the total range
of lunar '”°Hf was necessarily smaller at 4.33 Ga. We hypothesize
that in a multiple impact scenario, each impact would crystallize
new zircons from a distinct melt sheet. These would likely have vari-
able mixing proportions between crust, mantle, and KREEP compo-
nents, generating more scattered Hf isotope ratios. To produce the
tightly clustered Hf isotope ratios observed in our 4.33 Ga grains
with multiple impacts would require a fortuitous consistency in tar-
get rock compositions (proportions of involved mantle, KREEP, and
crust) occurring across multiple impact sites. In contrast, a single
large impact could create a more extensive melt sheet allowing easi-
er homogenization of distinct isotopic components (51). Thus, con-
sidering the compositional arguments, we favor the hypothesis of
one large impact.

The peak in the zircon age distribution documented here lies within
the ca. 30-Ma range (4364 to 4331 Ma) corresponding to a prepon-
derance of ages for magnesium-suite (Mg-suite) rocks [see discus-
sion in (20)]. The geochemical characteristics of the 4.33-Ga zircons,
including the low Al content [<40 parts per million (ppm), apart
from one analysis] suggesting limited involvement of ferroan anor-
thosite in their parental magmas (17) and enriched initial e 7°Hf
values (—1.13 + 0.73), are also reminiscent of the Mg-suite rocks.
Mg-suite magmatism may reflect melting of a hybridized source
comprising ultramafic cumulates, anorthosite crust, and KREEP,
which could have been juxtaposed during mantle overturn. In this
scenario, higher-density Fe-Ti oxides would sink, while lower-density
olivine and pyroxene cumulates would rise. Although the broad
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coincidence in age and geochemical characteristics between Mg-suite
rocks and the peak in the zircon age distribution does not neces-
sarily imply a genetic relationship, as zircons most likely crystal-
lized from a purer KREEP component, a common genetic event
such as a large impact could have triggered both the melting of the
urKREEP layer and the destabilization of cumulates with con-
trasting densities.

A 4.338 Ga age for the SPA basin impact?

A large impact would have generated an extensive melt sheet (41) that
evolved via fractional crystallization during cooling. As with LMO
solidification, zircon saturation would be reached in the last stages,
when the residual melt achieved appropriate Zr and SiO; concentra-
tions (43, 52). Investigating the potential geometry and thermal
evolution of such an impact melt sheet is difficult. While the Moon
preserves abundant evidence of impacts, inferences about melt
chemistry or evolution must rely on lunar breccia fragments with
uncertain origins. We therefore consider an accessible analog: Earth’s
large impacts containing zircon that crystallized within the impact
melt sheet (53). The ca. 1.8-Ga Sudbury impact (Canada) has been
extensively studied and proposed as the best terrestrial proxy for
large lunar basins, with demonstrated neoblastic zircon (54-57).
The Sudbury complex is a layered igneous formation, interpreted as
reflecting fractional crystallization of an originally homogeneous
impact melt sheet and showing increasingly evolved lithologies up-
ward through the structure (54-56). The impact occurred into a het-
erogeneous mixture of metasedimentary, metaigneous, and igneous
target rocks with diverse mineralogy and geochemistry (55) and
illustrates that large impact melt sheets have the potential to chemi-
cally homogenize and then differentiate. The Sudbury melt sheet
appears to have quickly homogenized after formation, preserving
apparently uniform Hf isotopic compositions throughout differen-
tiation (55). Our 4.33-Ga lunar zircons show such homogeneous Hf,
compatible with formation in a similarly large and well-mixed im-
pact melt sheet. We note however that while capable of isotopic ho-
mogenization, these impact melt differentiation processes can also
generate a spectrum of incompatible trace element compositions.
This is reflected in Sudbury zircons, where (i) progressively differen-
tiated layers contain zircons enriched in U, Th and REEs, and (ii) the
most evolved zircons show the greatest trace element variability.
This suggests late-stage melt heterogeneity and isolated melt pocket
evolution (56). Given that lunar zircons would similarly crystallize
from the last residual melt fractions, variable incompatible element
abundances would be expected. Notably, our 4.33-Ga grains show
divergence in Lu/Hf, Al and other indicators (Fig. 3, B and C, and
data S1). In summary, while additional terrestrial impact research
could better inform lunar comparisons, current observations seem
consistent with a hypothesized 4.33-Ga impact melt origin, capable
of (i) initial Hf isotopic homogenization and (ii) fractional crys-
tallization allowing zircon saturation over a limited time interval
(<5 million years).

Linking a potential large 4.338-Ga impact to a specific >4-Ga lunar
basin is challenging, as early lunar chronology remains highly
debated. Pre-Imbrium basin formation chronology relies on limited
radiometric ages and stratigraphic/crater density constraints (58, 59).
Twenty-nine basins with apparent ages >4 Ga have been identified
on the Moon, including the large SPA, Serenitatis, and Australe ba-
sins [(60, 61); Fig. 1]. To explain the observed 4.33-Ga zircon peak,
the impact should have: (i) produced a large and well-mixed melt
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sheet capable of homogenizing Hf isotope values, (ii) enabled melt
differentiation and zircon saturation, and (iii) covered a large enough
area to have fed samples to multiple Apollo landing sites through
later cratering and ejecta transport. We set the age of this potential
impact at 4.338 Ga, corresponding to the maximum of the range shown
by our U-Pb data, because if the zircon-forming process was due to
an impact, then the minimum impact age must be given by the old-
est date, with the younger samples representing the cooling timescale.
Although the precise source crater is currently unconstrained, the
SPA basin, the oldest and largest recognized lunar basin, is a com-
pelling candidate. SPA deeply excavated the crust and mantle (62,
63), likely generating a huge impact melt sheet (64) that probably
differentiated (65-67) and allowed zircon crystallization. SPA mate-
rial has also been proposed as a source for Apollo 17 samples (42),
suggesting that ejecta from later impacts into the SPA basin could
potentially be disseminated over the nearside of the Moon. Future
investigations into the potential petrogenetic relationships between
the 4.338-Ga zircons and the SPA basin impact melt sheet could
provide valuable insights into the early evolution of the Moon and
the role of large impacts in shaping its crust.

Opverall, our zircon results require a major lunar magmatic event
at ~4.338 Ga. The age, short timespan for zircon crystallization, and
geochemical and Hf isotopic characteristics of the zircons are most
consistent with origin in a large, differentiating impact melt. New
samples acquired from the lunar south pole by future sample return
missions will help evaluate hypothesized links between this early
magmatism and SPA itself.

MATERIALS AND METHODS

Samples

14311 (Apollo 14 site)

14311 is a coherent, polymict impact melt breccia with a cosmic ray
exposure age estimated between 500 and 700 Ma (68). We have little
information about what the zircon derived from the breccia sample
looked like before crushing, as we did not have a thin section of this
specific split of 14311. However, others have described this sample
in detail identifying crystalline matrix breccia that is ~75% plagio-
clase (14311,94) (69). Plagioclase, gabbronorite, and granulitic clasts,
as well as an ilmenite-filled cavity with a zircon, have also been doc-
umented (36, 69). Clasts in this sample were interpreted to originate
from the subregolith basement defined as the Fra Mauro Formation
(69). Previous U-Pb zircon ages from 14311 show at least three dis-
tinct zircon age populations at 4334 + 10 Ma, 4245 + 10 Ma, and
3953 + 10 Ma (11, 17, 70). CL imaging and details of the zircons
used in this study are available in Trail et al. (17). All zircons are
fragments ranging 100 to 500 pm in size and showing little CL
response with some grains having slight oscillatory zoning.

14163 (Apollo 14 site)

Sample 14163 is a sub-mature soil characterized by a high KREEP
component and high percentage of glass. Upon sieving, it was found
to be largely free of rock fragments. The sample was determined to
be >50% glass, including annealed breccias from the Fra Mauro for-
mation (71). Mare-derived material is present, but likely only repre-
sents about 5% of the total material sampled (71). A small percentage
of the glass was also classified as “granitic” (71), and approximately
15% of the glass fragments (72) yielded SiO, contents between 60
and 80 wt %. CL imaging and details of the zircons used in this study
are available in Trail et al. (17). All zircons are fragments ranging
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100 to 300 pm in size and showing little CL response and no obvious
oscillatory zoning.

15405 (Apollo 15 site)

This sample is a clast-bearing impact-melt breccia presenting a crys-
talline matrix composed of fine-grained intergrown pyroxene,
plagioclase, and ilmenite. Clasts include mineral fragments of pla-
gioclase and pyroxene, along with lithic clasts of KREEP basalt,
granite, and quartz monzodiorite. The zircon used in this study was
described in Crow et al. (16). No CL imaging is available.

72275 (Apollo 17 site)

Sample 72275 is a feldspathic breccia, potentially ejecta from the
Serenitatis basin (73), displaying a high abundance of KREEP-like
non-mare basalt (74). Shih et al. (75) reported Rb-Sr and Sm-Nd
ages for a KREEP basalt clast of 4.31 + 0.08 and 4.08 + 0.07 Ga, re-
spectively. Zircons have previously been reported in 72275 and have
207pb-2%%ph ages ranging from 4.24 to 4.42 Ga (12, 13). Eleven anal-
yses of eight zircons by Crow et al. (16) yield weighted mean 2*’Pb-
206pt, ages = 4334.3 + 2.2 Ma (20). The zircons from the sample
used in this study were described in Crow et al. (16). No CL imaging
is available.

U-Pb zircon geochronology by SIMS

U-Th-Pb dating was performed on the UCLA CAMECA ims1290 using
the Hyperion-II ion source for the primary beam. Details on the analyti-
cal procedure and data reduction can be found in Trail et al. (17).

In situ zircon trace element compositions by SIMS

Trace elements (including REE, Th, U, and Al) were measured with
the UCLA CAMECA ims1290. Details on the analytical procedure
and data reduction can be found in Trail et al. (17).

U-Pb zircon geochronology by ID-TIMS

Zircon crystals were analyzed for Pb and U isotope ratios by chemi-
cal abrasion-ID-TIMS at Princeton University. The selected crystals
were first liberated from ion probe epoxy mounts and individually
annealed for 48 hours in a 900°C muffle furnace. Following exten-
sive rinsing in HCl and HNO3, the crystals were subjected to a par-
tial dissolution procedure [similar to (76)] consisting of two steps of
leaching in ~90 pl of 29 M HF in individual 200-pl perfluoroalkoxy
alkane (PFA) microcapsules assembled inside a Parr pressure vessel
held for 6 hours in a 180°C oven. After each of the two partial
dissolution steps (called L1 and L2), the HF leachate was pipetted
off and kept for subsequent analyses, while the zircon residue was
rinsed with HCl and HNOj3 and returned to the oven with 29 M HF
for the next dissolution step. The complete dissolution step of the
zircon residue (R) was achieved over 60 hours at 210°C. L1 and L2
solutions were spiked with one of the EARTHTIME (***Pb-)***Pb-
23U-25U tracers (77, 78) (ET535 for L1 and ET2535 for L2) and equil-
ibrated on a hotplate, dried down, and redissolved in 6 M HCL
Zircon residues were spiked with ET2535 inside the 200-p1 PFA mi-
crocapsules before final dissolution; the solutions were dried down
and redissolved in 6 M HCl inside a Parr bomb (180°C for 12 hours)
to convert to chloride form. All samples were dried and taken up in
3 M HCl in preparation for ion exchange chromatography separat-
ing U and Pb in microcolumns filled with 50 pl of AG1-X8 anion
resin, following methods modified from Krogh (79). Each com-
bined U-Pb fraction was dried down with a drop of 0.05 M H;PO,
and loaded in a microdrop of silica gel emitter (80) onto a single,
outgassed, zone-refined Re filament for TIMS analysis.
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Isotopic measurements were performed at Princeton University
with a new Isotopx Phoenix TIMS equipped with ATONA amplifi-
ers (81). Most samples were analyzed following the methods de-
scribed by Szymanowski and Schoene (81), i.e., using a two-step
FaraDaly method collecting **?>2%>2%8p}, in Faraday cups and 2**Pb
in the axial Daly/photomultiplier ion counting system (30-s integra-
tion), followed by a 10-s step analyzing **’Pb in the Daly to correct
for Faraday/Daly gain. Baselines for the ATONA-Faradays were
acquired offline (“electronic baseline”) over 12 h before analyses.
Low Pb intensity samples (<ca. 1 mV on mass 206) were measured
using peak-hopping mode on the Daly/photomultiplier. Potential
interferences from BaPQ; and TI on masses 202, 204, and 205 were
generally negligible over the duration of the project and were only
monitored in some Daly analyses. Instrumental mass fractionation
for Pb was corrected in-run using the measured ***Pb/**’Pb of the
ET2535 spike, or, for ET535-spiked samples, with a linear factor de-
rived from a long-term compilation of **Pb/**°Pb values measured
in spiked unknowns on the detector setup used [0.09 + 0.04%/amu
(20) for Faradays and 0.14 + 0.07%/amu (20) for Daly]. The dead
time of the Daly system was kept constant throughout the period
of the study but was monitored with analyses of NIST SRM 982 Pb
isotopic standard over a range of intensities. U isotope ratios were
measured as UO; in static mode using 30-s integrations and cor-
rected for mass fractionation using the **U/**°U of the spike, as-
suming a sample B8U/25U of 137.818 + 0.045 (29). Whenever
permitted by intensity, interferences in UO, analyses were corrected
in-run using '*0/'%0 calculated using intensity on mass 269 (81), or
else using an 130/1%0 value of 0.00205 + 0.00004 (25). All data re-
duction was accomplished with the Tripoli and ET_Redux software
packages (82) using the algorithms of McLean et al. (83). U decay
constants are from Jaftey et al. (84). A correction for secular disequi-
librium in the ***U-*"Pb system due to the exclusion of Th during
zircon crystallization (85) was made for each analysis using a fixed
Th/Upele of 3.5 + 2 (20) representative of average terrestrial magma
(86). Changing Th/Up,; has a negligible effect on the 207pp,2%pp,
dates. The amount of U blank was set at 0.02 + 0.02 (20) pg based on
total procedural blank measurements. This assumption may have an
effect on the concordance of some low-U samples; however, it does
not affect the accuracy of *’Pb/***Pb dates used for our interpreta-
tions (fig. S4).

The amount of common Pb (Pb,) in the samples, calculated from
the measured amount of 2**Pb, varied widely between elevated val-
ues in first leachates (L1) and values mostly in line with the amount
of Pb. expected from laboratory contamination (R). Elevated Pb. in
L1s is interpreted as a combination of removal of any surface con-
tamination remaining from sample preparation as well as from dis-
solution of any mineral or melt inclusions. The preferential removal
of inclusions, as well as the utilization of cracks or fractures as effi-
cient dissolution pathways preferentially in the first leaching step,
was recently shown with textural observations on partially leached
zircons using a similar experimental setup (87). In contrast to L1s,
residues only contained Pb, in amounts consistent with those mea-
sured in total procedural blanks and in routine zircon runs at Princeton
(0.08 to 0.36 pg), suggesting that (i) most inclusions and contamina-
tion had been removed in steps L1-L2 and (ii) all Pb, in those sam-
ples was laboratory derived. Pb. in L2s was generally more elevated
than in residues (0.25 to 4.93 pg), which reflects their preparation
including a pipetting step and larger volumes of reagents. While
the relative masses of Pb, in the three groups of samples are well
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explained by various sources of terrestrial contamination, it is also
conceivable that L1s and, less likely, L2s contained some amount of
old lunar common Pb. The magnitude of this potential lunar contri-
bution is difficult to constrain and correct for but it would have an
effect on the accuracy of L1 and L2 dates (fig. S3). In summary, we
consider it a valid assumption to correct all data with a terrestrial
Pb. composition but recognize a potential limitation to the accuracy
of L1 and, to a lesser extent, L2 dates. The composition used was
compiled from total procedural blanks prepared at Princeton
University over a multiyear period: **Pb/***Pb = 18.58 + 0.56,
27pb/***Pb = 15.87 + 0.67, and ***Pb/**'Pb = 38.18 + 1.23 (all 20).

The viability of the sample preparation, mass spectrometry, and
data reduction methods is supported by the repeatability of the syn-
thetic solution ET 4567-R, the most radiogenic of a series of U-Pb
solutions approximating the age of the solar system (26) (all data pre-
sented in data S1). Eight aliquots initially presented in Szymanowski
and Schoene (81) were supplemented by another 12 aliquots of 50-
to 850-pg Pb* ran over the course of the lunar zircon analyses with
both the FaraDaly and Daly method for Pb, and reduced with one
set of U isotopic ratios analyzed as for zircon unknowns. The
weighted mean *’Pb/*"°Pb age was 4559.71 + 0.14 Ma (n = 36,
MSWD = 0.7). The accuracy of this result is currently difficult to
evaluate due to the lack of absolute reference for the solution; how-
ever, the data demonstrate the excellent repeatability of our analyti-
cal approach in this age range.

Zircon trace element compositions (TIMS-TEA)

The trace element analyses (TEA) (88) were performed at Princeton
University with methods similar to those applied in O’Connor et al.
(89), reproduced here with minimal adjustments. All results are
available in data S1.

Following the separation of U and Pb from individual zircons,
wash fractions containing all constituent elements other than U and
Pb were dried down and stored in polypropylene vials as chloride salts.
The salts were then redissolved in 1 ml of 0.5 M HNO3 + 0.015 M
HF + 1 ppb In. Measurements of the solutions were performed on
a Thermo iCAP quadrupole inductively coupled plasma mass spec-
trometer (ICP-MS) with a sample introduction system consisting of a
PFA cyclonic spray chamber, a nebulizer with a nominal uptake rate of
100 pl/min, and an Elemental Scientific SC-p DX autosampler. Sample
uptake and analysis time added up to 3 min, consuming about 0.3 ml
of the 1-ml sample solution. Measured elements included Zr, Hf, Y,
Nb, Ta, REEs, Th, and In, where indium was used as internal standard
during mass spectrometry. A matrix-matched, gravimetric external
calibration solution was prepared with the relative abundance of tar-
geted elements representing that observed in natural zircon (e.g., Zr/
Hf = 50). A dilution series was generated using this solution to cover
the range of concentrations observed in unknowns (e.g., [Zr] = 10 to
10* ng/g), which was then used to generate a concentration-intensity
calibration curve for each element for every block of unknowns. Samples,
reference solutions, and total procedural blanks were analyzed in blocks
of 30 to 40. Following data acquisition, solution concentrations were
converted to stoichiometric concentrations in zircon by normalizing
solution concentration data assuming that all trace elements partition
into the Zr*" site in ZrSiOy, where Y (Zr + Hf + ... + Th) = 497,646
ppm. Uranium concentrations were not directly measured since U
was included in the U-Pb aliquot used for ID-TIMS geochronology;
instead, we reconstructed the zircon U content by combining
the atomic Th/U estimated from ID-TIMS analyses with the Th
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concentration measured by ICP-MS. U and Th contents were then
corrected for prior decay using the *”’Pb/*Pb date of the aliquot to
yield initial concentrations in zircon. Uncertainties in TE contents are
reported at the 95% confidence level and include subtraction of the
mean and SD of total procedural blank measurements. The typical re-
peatability of element ratios using the TEA method (1 SD) was 2%
for Zr/Hf and 5 to 7% for most MREE-HREE ratios of interest [see
O’Connor et al. (89) for an extended set of secondary reference solu-
tion analyses]. Because of its importance for ingrowth corrections of
Hf-isotopic ratios, Lu/Hf ratio repeatability was additionally moni-
tored using a set of two MUNZirc standard solutions (data S1).

Zircon Hf isotopic ratios

The aliquots remaining after U-Pb separation and TEA analyses
were analyzed for Lu-Hf isotopes at the University of Chicago fol-
lowing the methodology detailed in Chen et al. (23). Hf isotopic ratios
were corrected for neutron capture using two different approaches
[using either the ¢'7°Hf-¢'7®Hf or the ¢'"°Hf-¢"*°Hf method (23)]
and are presented in data S1. Because the stepwise chemical abra-
sion procedure used for U-Pb dating could have fractionated the
Lu/Hf ratio by incongruent dissolution (potentially leading to inac-
curate radiogenic ingrowth correction), we compared the calculated
initial ¢'”°Hf values from successive leaching steps and residues and
based our interpretations only on residues and those L2s whose ini-
tial ¢'”°Hf agreed with that of the respective residue (Fig. 3A).

Supplementary Materials
The PDF file includes:

Figs.S1to S5

Legend for data S1

Other Supplementary Material for this manuscript includes the following:
Data S1
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