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Lunar rock fragments, particularly those deemed pristine, have long been
considered vital records of the Moon’s formation and magmatic evolution.
These fragments were thought to have largely escaped the Moon’s intense
impact history, offering a window into the early lunar crust. However, the
concept of “pristine” is increasingly debated, as traditional criteria for identi-
fying pristine samples—based on texture, mineral content, and siderophile
element abundances—may overlook the extensive effects of impact reworking,.
In this study, we apply a novel high-resolution geochemical and experimental
approach, linking zircon Al content to parent melt composition, to critically
assess lunar samples. Our findings reveal that clast zircons, assumed to pre-
serve magmatic history, and matrix zircons, considered the last igneous
remnants in brecciated samples, are not in chemical equilibrium with their
surrounding glass. This disequilibrium, coupled with heterogeneous zircon
ages, provides compelling evidence for pervasive impact reworking, challen-
ging the assumption that these samples represent primary igneous lithologies.
These results underscore the need for a serious re-evaluation of lunar mate-

rials. New analytical tools, tailored to each critical lunar lithology, will be
essential for this reassessment—such as the Al-in-zircon method employed
here for zircon-bearing samples.

Among the diverse array of lunar samples, those classified as pristine,
particularly felsic clasts, have been considered essential records of the
Moon’s formation and magmatic history. These samples were believed
to have remained relatively unaffected by the Moon’s violent bom-
bardment history and they therefore offered glimpses into the earliest
lunar crust and the processes that shaped it'™. Their unique geo-
chemical signatures, mineral compositions, and ages have been
interpreted as evidence of evolved magmatism on the early Moon**°,
Moreover, the concept of pristine igneous rocks has been fundamental
to constraining the age of the Lunar Magma Ocean (LMO), the timing
of magmatic differentiation, and the formation of the Moon itself*.
However, defining pristine remains a contentious issue. While the
Pristine Rock Concept” ™" defines criteria for texture, siderophile ele-
ment abundances, mineral content, sample size, chemical analysis, and

petrologic diagrams to provide a framework for assessment, mounting
evidence challenges this assumption of pristinity. Studies report shock
metamorphism, compositional discrepancies, trace element hetero-
geneity, and age inconsistencies in both felsic and ferroan anorthosite
(FAN) clasts*?, challenging their presumed pristine nature. This
growing body of evidence suggests that lunar samples, although often
interpreted as being of igneous origin, bear the marks of a more
complex history involving impact-related characteristics. This con-
troversy is not merely academic; it strikes at the heart of our under-
standing of lunar evolution. If even these seemingly pristine materials
bear the marks of complex histories, our interpretations of the Moon’s
early development may require fundamental reassessment. Zircons
play a crucial role in this pristinity debate as they are commonly used
to date and characterize early lunar magmatic processes* %, Their
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robustness and ability to preserve primary magmatic signatures even
under extreme conditions have made them key tools for recon-
structing the Moon’s early history. In lunar samples, zircons occur in
various settings, including within impact melt breccias and evolved
lithologies******. Among these, zircons in felsic clasts have been par-
ticularly important as they were traditionally interpreted as pristine
igneous rocks preserving a direct record of evolved lunar
magmatism>". Similarly, zircons found as isolated grains within brec-
cia matrices were often viewed as fragments of broken pristine
rocks”***, However, the interpretation of these zircon records
remains contentious. While some studies have documented clear
shock deformation features in both clast and matrix zircons®”, many
researchers maintain that these materials still preserve significant
records of their primary igneous history, continuing to use them as
benchmarks for lunar magmatism™*>**?¢, To resolve this fundamental
question of preservation versus modification, we require new analy-
tical approaches that can definitively distinguish between primary
igneous signatures and impact-related alterations.

In this study, we focus on examining zircon grains and sur-
rounding melt products within felsic clasts hosted in Apollo 14 and 17
breccias, as well as zircons found as isolated grains within the breccia
matrix itself. Lunar impact breccias inherently contain materials from
different sources due to their formation by impact events, providing a
unique opportunity to explore the impact history recorded by these
components. Our primary aim is to test the chemical equilibrium
between zircon and coexisting melt products using Al-in-zircon parti-
tioning, to determine whether these features truly represent a single,
co-genetic assemblage or have been altered by post-crystallization
processes. Building on the experimental work and observations of
Wang et al. ” and Trail et al. *®, we developed a methodology that links
Al content in zircon to lunar melt composition, enabling us to evaluate
the genetic relationships between zircons and their associated glasses.
Our analyses reveal pervasive chemical disequilibrium between zir-
cons and their surrounding glass phases, coupled with heterogeneous
zircon ages and compositions within individual clasts. By directly
comparing the Al content in zircon to that of the surrounding melt
products, we document extensive impact modification and challenge
the assumption that these materials reliably represent primary igneous
lithologies. This has significant implications for our understanding of
lunar magmatic evolution and the extent of impact modification in
rocks previously considered pristine.

Results

Experimental design and analytical framework

We conducted a multi-faceted analytical study to assess the chemical
equilibrium between zircon and coexisting melt in lunar breccia sam-
ples. We identified 196 lunar zircons from 11 Apollo sample thin sec-
tions using EDS and WDS mapping. We then documented samples with
BSE imaging for texture, inclusion, and surrounding phase character-
ization. We applied strict filtering criteria based on zircon size—i.e.,
large enough to accommodate two clean ion microprobe spots to
quantify Pb-Pb age and Al concentration — and proximity to glass. This
yielded a subset of 14 lunar zircons from 6 thin sections (12013,7;
14303,49; 73235,59; 73235,60; 73217,15; 73217,52) for in-depth analysis
(Data S1; Figs. 1 and 2; Figs. S1-S7; see Methods for additional details on
the selection process). Our selection consists of zircons hosted in two
felsic clasts previously deemed pristine based on textural, miner-
alogical, and chemical criteria (14303,49 and 73235,60'%), and zircons
found as isolated grains within the breccia matrix. All selected zircons
were analyzed for Pb-Pb age determination (complemented by litera-
ture ages obtained on the same grains), Al content, Ti content (for
crystallization temperature estimation), and select trace elements
using Secondary lon Mass Spectrometry (SIMS; Data S2; see Methods).
Complementary electron probe microanalysis (EPMA) was conducted

on glass inclusions within the zircons, glass in contact with the zircons,
and glass near the zircons (Fig. S8; Data S1-S4; see Methods).

To link the zircon parent melt to the melt composition(s) recor-
ded by the glass inclusions and adjacent glass, experimental work was
conducted to crystallize synthetic zircons under reduced lunar con-
ditions and to calibrate the relationship between Al content in zircon
and melt composition. These experiments were performed across a
temperature range of 1050-1300°C (Fig. S11) and a pressure of
1GPa and 1 atm using five distinct melt compositions that capture a
broad spectrum of lunar magmatic processes, including KREEP basalt,
granitic melts, quartz monzodiorite, highland basalt mixtures, and
monzonite (Methods and Data S5). These compositions were specifi-
cally chosen to reflect the diversity of lunar melt evolution, encom-
passing both primary magmatic products and secondary processes
linked to impact reworking. Our rationale for selecting these compo-
sitions was to explore the full range of plausible Al,03 and SiO, con-
centrations that could influence zircon crystallization on the Moon.
The experiments were water-bearing (-3 wt% H,0). Our decision to
include water in the experimental setup was driven by the observation
that AI3* incorporation into zircon can be facilitated through H* charge
balancing”, as well as its ability to depolymerize silicate melts,
enhancing Zr diffusivity and enabling the growth of analyzable zircon
crystals within laboratory timescales. While we acknowledge that not
all lunar lithologies contain significant water, studies like Simon et al. *°
have shown that water content in lunar felsites can vary widely
depending on factors such as shock history and impactor material. To
test the influence of water, we also conducted anhydrous experiments
at 1atm and 1200 and 1250 °C, which revealed no significant differ-
ences in zircon-melt Al partitioning compared to the water-bearing
runs (Methods). This suggests that the presence of water does not
fundamentally alter the zircon-melt equilibrium, reinforcing our
decision to include it in most experiments to ensure a broader
exploration of melt conditions.

From first principles, we predict that Al incorporation in zircon
will be proportional to Al availability in the parent magma. While
previous studies of terrestrial zircons found that the aluminum
saturation index (ASI; Al,0s/[CaO+Na,O +K,0]) of the silicate melt
best correlated with zircon Al content”, our experiments on lunar
compositions reveal that this relationship needs modification for lunar
silicate systems. For the terrestrial studies, all had relatively consistent
SiO, content, and so the silica variation did not significantly impact the
Al-incorporation model. However, lunar magmas show substantial
SiO, variability, requiring us to account for its influence. Our results
from 40 experiments demonstrate that the strongest correlation
between zircon and melt Al content is achieved using the parameter
(A1,05)°*/SiO, (by mole; Fig. S9). For glass samples, whether lunar or
experimental, we measure this parameter directly and refer to it as
Allgj,ss. Using our experimental calibration of Al content in zircons
grown from melts of known composition, we can also calculate the
expected (Al,05)°%/SiO, ratio of a zircon’s parent melt, which we term
Allpm. To facilitate reproducibility, Data S8 provides a tool for auto-
matically calculating All,pr, and Allg,ss from the measured glass wt.%
values of Al,03 and SiO,, along with Al-in-zircon concentrations. In a
cogenetic scenario where zircon crystallizes from its parent melt, we
expect a positive correlation between All,pr, and Allg,ss, even if their
absolute values do not match perfectly due to variations in partitioning
behavior and crystallization conditions. This positive correlation
serves as the key diagnostic feature of equilibrium crystallization.
While direct correlation testing is most powerful when multiple mea-
surements are available for individual zircons, many grains preserve
only a single Al measurement. In these cases, we adopt a broader
correlation approach by plotting all matrix zircons together to exam-
ine the overall relationship between zircon and glass compositions in
the sample. Although multiple zircon and glass generations may be
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Fig. 1| Zircons in the felsic clast hosted in sample 14303,49. Back-scattered
electron (BSE) images of zircons Behemoth, Pick, and Climber, with Pb-Pb age (blue
circle with blue rims are concordant; black circles with blue rims are discordant and
not used in this study), Al-in-zircon (orange circles and rims are uncontaminated,
black circle with orange rims are contaminated and not used in this study), and
glass analysis (red circles and rims are uncontaminated, black circle with red rims
are contaminated and not used in this study) locations. Actual values for Behemoth
indicated in Table. The oldest, concordant regions of Behemoth exhibit two

distinct parent magma compositions (Al-in-zircon content of <10 ppm and

>20 ppm) with similar -4.33 Ga ages, suggesting multiple magmatic events in a
short time span. The younger, texturally distinct rim of Behemoth yields a ~ 4.2 Ga
age, interpreted as impact-related. Pick and Climber each record one of the two old
magma compositions observed in Behemoth. The striking discrepancy between the
Al content of the clast glass and the zircon parent magmas provides compelling
evidence that the 14303 clast is a polymictic breccia rather than a pristine igneous
rock. Uncertainties are reported as 1o.

present, if equilibrium conditions dominate, we should still observe an
overall positive correlation. For individual zircon-glass pairs, we also
employ an experimentally derived ratio benchmark. Our controlled
equilibrium experiments established that Allpm/Allg,ss ratios con-
sistently fall between 0.37 and 1.98 (mean -1.28) in cogenetic zircon-
glass pairs. This provides a quantitative framework for assessing
equilibrium: while small deviations from this range may reflect natural
partitioning effects, large deviations indicate disequilibrium and sug-
gest the surrounding glass is not the parent melt from which the zircon
crystallized.

Our approach specifically acknowledges the brecciated nature of
lunar samples, understanding that this mixture of materials from
diverse sources naturally results in variability in aluminum content
across the breccia matrix. However, by focusing on zircon-bearing
components, our Al-in-zircon partitioning method probes localized
chemical equilibria with coexisting melt products. This targeted
approach allows us to investigate magmatic interactions at the sub-
grain level within individual zircon grains, even in a complex brec-
ciated environment. This capability is crucial for identifying fine-scale

chemical signals that might otherwise be masked by the overall het-
erogeneity of the breccia. The observed chemical disequilibrium
between the zircon, surrounding glass, and glass inclusions strongly
supports the interpretation that these features were affected by post-
crystallization impact processes. This interpretation aligns with find-
ings from studies like Crow et al. *, which have shown that impact
melts exhibit distinct chemical characteristics compared to other lunar
lithologies. Our approach enables the isolation and characterization of
specific zircon-melt interactions, providing valuable insights into both
the conditions of crystallization and subsequent impact reworking.
While brecciated systems are inherently complex, our method offers a
rigorous way to test these relationships and supports the need to
develop additional tools for understanding the chemical evolution of
these intricate lunar samples.

Zircon-melt disequilibrium in lunar clasts

The zircon ages range from 4017 +12 to 4405 + 22 Ma (1o; Figs. 1 and 2;
Data S2) and exhibit Al contents primarily below 20 ppm (average of
12+2 ppm; 10), with one analysis reaching up to 46+6 ppm (1o;
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contents in its old core and young, recrystallized rim, validating Al as a tool to
decipher different parent magmas within a single grain. Hexagon and the pristine
part of Tiger exhibit similar ages and textures but distinct Al contents, suggesting a
more complex origin than simple igneous crystallization. See Methods for addi-
tional matrix zircons mentioned in the text. Uncertainties are reported as 1o.

Data S2). We apply our experimental results to calculate Allpm, which
range from 0.005+0.001 to 0.079 +0.008 (lo; Data S2). We con-
ducted over 100 lunar glass analyses by EPMA and obtained 38
uncontaminated glass analyses suitable for this study, including 8
zircon inclusions, 28 touching zircons, and 2 within 100 pm of the
grains but not touching (Data S1). The glasses have high SiO, (70 to
79 wt%), Al,03 (11 to 14 wt%) and K,O (7 to 11 wt%) corresponding to
(A1;03)°%/Si0; ratio (Allgs,ss) ranging from 0.25+0.01 to 0.30 £0.01
(1o; Data S3). When plotting All,pr, against Allg,ss, we observe a flat to
slightly negative trend (Fig. 3A, B). In a cogenetic scenario, we would
expect a positive correlation between these parameters, as higher Al
content in the parent melt should result in higher Al content in the
crystallizing zircon. The absence of this positive correlation indicates
that, in aggregate, the zircons and glass do not share a common origin.
These zircons align with the previously documented low Al population
of Apollo 14 zircons* (Fig. S10). The glass compositions in our study
closely resemble those reported by Crow et al. *! for zircon-hosted melt
inclusions in the Apollo 14 impact melt breccia 14311 (Fig. 4). These
inclusions were interpreted as products of localized shock melting of
feldspar and quartz during impact events, drawing parallels with K-Al-
Si-rich eutectic-like melts observed in zircons from the terrestrial
Vredefort impact structure®. The consistency of glass compositions
across our samples, including both inclusions and glasses adjacent to
zircon grains, coupled with their marked deviation from typical lunar
lithologies, strongly suggests that impact processes played a sig-
nificant role in their formation. However, the glass inclusions in our
study are often substantially larger than the micron to submicron
ovoid blebs analyzed by Crow et al.”* especially those fully enclosed
within the zircon interiors. The zircon-melt chemical disequilibrium, as
indicated by the contrasting Allpm and Allg,ss, €xtends to these larger,
primary-appearing melt inclusions. This suggests that impact-related
processes were more pervasive than previously recognized, affecting
not only small shock melt blebs along fractures but also larger melt

inclusions. Further studies of glass in lunar samples associated with
impact features could clarify whether Crow’s> findings of small impact
blebs are consistent across other samples, and whether larger glass
inclusions, such as those observed in our study, are more widespread.
Finally, while the observed Al heterogeneity in the zircons may hint at
traces of earlier evolved magmatic processes, the strong chemical
disequilibrium between the zircon grains and their surrounding glass
phases suggests that impact-related reworking is the dominant pro-
cess responsible for these features. The presence of large glass inclu-
sions within the zircon interiors, coupled with their deviation from
typical lunar lithologies, supports the conclusion that impact pro-
cesses likely overprinted any earlier magmatic signatures. These
complexities highlight the dual nature of the zircon record, where both
magmatic and impact processes contributed to the observed geo-
chemical signatures, but the pervasive influence of impacts remains
the most compelling explanation.

Challenging the pristine nature of felsic clast 14303

The prevailing paradigm of pristine lunar clasts, exemplified by inter-
pretations of the 14303 felsic clast>”, is directly challenged by our Al-
in-zircon data. While previous studies, such as Zhang et al. > have
raised questions about the provenance of zircons and impactites, our
results provide clear evidence of pervasive impact reworking. We show
that, rather than a simple igneous history, the 14303 clast records
multiple magmatic events and significant impact modification. The
Behemoth zircon (reported as 14303,49 zircon#1 in ref. 13) despite
exhibiting concordant domains with a ~4.33 Ga age, preserves evi-
dence for two distinct parent magma compositions (<10 ppm and
>20 ppm Al; Figs. 1, 3, 5), requiring a rapid succession of magmatic
pulses not easily reconciled with existing models of pristine clast for-
mation. Furthermore, the presence of a younger, texturally distinct
rim on Behemoth (-4.2 Ga, interpreted as impact-related by Grange
et al. ) demonstrates that at least three distinct magmatic episodes
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(Ref. 68); filled lime squares—A14 Mg-anorthosite (Ref 68); filled blue squares—A14
anorthosite (Ref. 68); filled orange diamonds—A16 KREEP basalt (Ref. 69); filled
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monds—A16 high-Mg basalt (Ref. 69); filled dark green diamonds—A16 basalt
andesite (Ref. 69); filled violet diamonds—A16 high-Ti basalt (Ref. 69); filled navy

A A12 - Felsic Glass

A A12 - Mafic Glass

A A12 - Bulk Granite
/\ A12 - «Brown» Glass
M Al4 - Glass

M Al14 - Norite

[ Al14 - Whole Rock

B Al4 - Troctolite

H A14 - Mg-Anorthite
[ Al14 - Anorthosite

== Primitive Glass
X Lunar Meteorite
[ Experiment compositions (this study)
@ A17 zircon glass (this study)
Al4 zircon glass (this study)
K A17 - «Orange glass»
B A17 - Matrix Breccia
>k A17 - Whole Rock
B® A17 - High-Ti Mare Basalt
@ A17 - Bluk Granite

@ A16 - KREEPy glass

O Al6- High-Al Basalt glass
@ A16 - Low-Ti Basalt glass
@ A16 - Picrite

@ Al6- High-Mg Basalt

@ Al6 - Basalt Andesite glass
@ A16 - High-Ti basalt glass
@ A16 - Mare Highland glass

diamonds—A16 mare highland (Ref. 69); blue lines - primitive glass (Ref. 70); blue
crosses—lunar meteorite (Ref. 70); open red squares—experimental compositions
(this study); blue circles—A17 zircon glass (this study); blue circles with pink rims—
Al4 zircon glass (this study); hatched grey squares—A17 orange glass (Ref. 71);
hatched pink squares—A17 matrix breccia (Refs. 72); complex black crosses—A17
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cluster at high SiO2 (>70 wt%) within the field defined by Crow et al. *' for impact
melts from Apollo 14 breccia 14311, distinct from typical lunar magmatic compo-
sitions. This compositional similarity suggests that impact processes played a
significant role in forming the glass associated with our studied zircons.

are recorded within this single grain. An alternative explanation for the
observed age variability is the possibility of Pb-loss due to the impact-
affected nature of these zircons. If Pb were to diffuse away, Al might
similarly have diffused during post-crystallization disturbances. How-
ever, Grange et al.”” evaluated Pb-loss in the “Behemoth” and con-
cluded that while Pb diffusion may occur viaimpact-induced fractures,
this alone could not explain the full extent of age variations. This
supports our interpretation that the observed ages represent distinct
magmatic episodes rather than solely being the result of Pb-loss. Pre-
cisely quantifying Pb-loss through SIMS is not feasible and would
require high-precision techniques like TIMS*. Additionally, no clear

correlation between Al and Pb diffusion has been established. While
future studies may further clarify Pb-loss and its relation to the diffu-
sion of other elements, the current evidence supports our conclusion
of multiple crystallization events. This complex history is corroborated
by zircons Pick and Climber (Figs. 1 and 5), each exhibiting one of the
two older zircon compositions observed in Behemoth. Most sig-
nificantly, we find that the glass compositions within the 14303 clast do
not positively correlate with the inferred zircon parent magma com-
positions (Fig. 3). This crucial observation, coupled with the striking
similarity between the 14303 glass and impact melts reported in Apollo
14 breccia 14311*, compels a reinterpretation of the 14303 clast as a
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Fig. 5 | Al-in-zircon vs. All,p, for all studied zircons. This figure illustrates how
individual zircons record distinct parent melt compositions, sometimes even
within a single grain, and how zircons from the same sample capture either similar
or different magmatic histories. The Behemoth zircon records two distinct magma
compositions in its oldest domains, while the Pick and Climber zircons each record
one of these compositions. This figure illustrates how individual zircons record
distinct parent melt compositions, sometimes even within a single grain, and how
zircons from the same sample capture either similar or different magmatic

histories. Sample 14303,49: light blue circles—Behemoth (> 4.3 Ga); light blue tri-
angles—Behemoth (< 4.3 Ga); orange circles—Pick; blue circles—Climber. Sample
12013,7: Open red circles—Faulted Barrel (> 4.3 Ga); Open red triangles—Faulted
Barrel (< 4.3 Ga); black triangles—Mark IV. Sample 73235: gray circles—Oldy; yellow
triangle—Cracker; orange circles - Hexagon; red circles—Yak; pink circles—Tiger
Faulted Barrel (>4.3 Ga); pink triangles—Tiger Faulted Barrel (>4.3 Ga). Sample
73217,15: black circles - Iberia; yellow circles—Mantis; orange triangle—Davy
Crockett; blue triangle—Crumble Cake. Error bars show 1o uncertainties.

polymict breccia assembled through a combination of magmatic and
impact processes.

Complex impact histories recorded in matrix zircons

The matrix zircons in brecciated samples 73235 and 73217 display a
wide range of All,,m values and ages, indicating crystallization in
diverse magmatic environments prior to their incorporation into the
breccia (Figs. 2 and 5; Methods). These zircons have been interpreted
as either relics of minerals separated from felsic clasts, potentially
characterizing endogenic processes, or as impact-related grains pro-
viding insights into impact geochronology, based primarily on age and
texture relationships™?>?*2¢*¢, Grange et al. > demonstrated the utility
of this approach in sample 73235 for the matrix zircon Tiger (also
reported as 73235-59#3 in refs. 13,22), which displays a recrystallized
rim with younger ages and different trace element concentrations,
including Th/U ratios, compared to the core (Fig. 2). Our Al analysis of
the old core and young rim of Tiger corroborates their findings,
revealing distinctly higher Al (13ppm) in the recrystallized zone
compared to the pristine zone (avg. 6 ppm; Fig. 5), validating Al as a
tool to decipher different parent magmas within a single grain and
confirming our conclusions for the composite Behemoth grain in felsic
clast 14303.

While the Grange et al. >?? approach successfully identifies the
two distinct zones in Tiger based on age, texture, and Th/U ratios, it
appears to be limited when applied to apparently homogeneous
growth zones. The pristine core of Tiger and the Hexagon (also
reported as 73235-60+#4 in ref. 22) zircon, interpreted as single growth
events by Grange et al. * based on their uniform age, texture, and Th/U
ratios, and further supported by our own analyses of Th/U, Y, and Hf
(Data S2), actually exhibit distinct Al contents (Figs. 2 and 5; Methods).
This suggests that these seemingly homogeneous zones are the result
of multiple magmatic events, a complexity not captured by the other
criteria. Importantly, the observed chemical disequilibrium between
matrix zircons and their surrounding phases is interpreted as evidence
of genuine post-crystallization modifications, rather than being an
inherent consequence of analyzing isolated grains from the breccia
matrix. The All,,r, variations across these matrix zircons suggest sig-
nificant reworking, likely due to impact events, challenging the
assumption that these grains retain pristine igneous signature. When

examining the collective dataset of matrix zircons to test for broader
equilibrium patterns, we observe a flat to negative trend between
All,pm and Allg,ss (Fig. 3B), providing sample-wide evidence that
impact-driven processes have disrupted the primary melt-zircon
equilibrium. In addition to the complexities revealed in these matrix
zircons, the felsic clast-attached zircon Cracker in 73235 (reported as
73235-604#5 in ref. 22) also exhibits a higher Al content (18 ppm; Fig. 2)
than the matrix zircons, reminiscent of 14303 clast compositions but
with a younger age (ca. 4.2 Ga; Fig. 2). The Allpm/Allgass ratio for
Cracker is 0.11 (Data S6), significantly lower than the experimentally
constrained equilibrium range (0.37-1.98, mean ~1.28; Data S7), sug-
gesting that the zircon and surrounding glass are in disequilibrium.
The composition of the glass itself, enriched in both SiO, and Al,O3
and with an Allg,s of 0.27, closely matches previously identified
impact melts in similar samples (Fig. 4), suggesting an impact origin for
the glass™.

Similarly, the matrix zircons in sample 73217 record a complex
impact history rather than simple endogenic processes. The Mantis
zircon, interpreted as impact-recrystallized at ca. 4.33 Ga based on its
acicular morphology and ilmenite association, was thought to have
crystallized from the surrounding felsic impact melt**. However, our Al
data challenge this assumption: the All,,m/Allg,ss ratio for Mantis
(0.066-0.071) is well below the experimentally constrained equili-
brium range, demonstrating disequilibrium with the surrounding
glass. Given that the glass composition closely resembles impact-
generated melts”, it is unlikely that Mantis crystallized from it, instead
originating from a compositionally distinct parent magma. Like Man-
tis, Iberia (0.066-0.1) and Davy Crockett (0.079-0.087) also show
All,p/Allgass ratios well below equilibrium, confirming they did not
crystallize from their surrounding glass. While Iberia had been pro-
posed to originate from a gabbronorite”, our data do not constrain its
source—only that its parent melt was distinct from the impact-
generated glass now surrounding it, reinforcing the broader evi-
dence of impact reworking in these breccias. Davy Crockett exhibits
the same disequilibrium signature, reinforcing that it was inherited
rather than formed from the melt phase now surrounding it. The
Crumble Cake zircon follows this trend, with the lowest Allpm/Allgass
ratio (0.044-0.047) among these samples, confirming that it did not
crystallize from the surrounding melt.
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In summary, these findings reinforce that matrix zircons were not
derived from the melt phase they are now associated with but were
instead incorporated as pre-existing crystals, further supporting the
widespread impact reworking of lunar breccias. However, beyond
simply indicating disequilibrium, the absolute All,, values (Fig. 5)
provide insight into the composition of their original parent magma.
Our experiments show that higher Al in the melt leads to higher Allpm
values in zircon. Because impact-generated melts on the Moon typi-
cally exhibit elevated Al concentrations (as observed in this study and
reported in ref. 31), zircons crystallizing from such melts would be
expected to have correspondingly higher All,, values. Instead, the
low All,m values observed in these matrix zircons indicate that their
parent melts were less enriched in Al, distinguishing them from the
impact-generated melts that now surround them. This contrast
between zircon and glass compositions enables us to reconstruct
original melt chemistry, separating primary magmatic conditions from
later impact-related melts, while also serving as a proxy for the parent
magma’s overall Al/Si ratio. Our approach thus provides a new analy-
tical tool that can access previously lost information about primary
magmatic conditions in highly altered samples. Even though impact
processes have extensively altered the surrounding melt and glass,
All,pm preserves a record of the parent melt composition, providing a
rare geochemical window into lunar magmatic evolution where pri-
mary zircon compositions remain intact, even when the associated
glass signatures are no longer pristine.

Crystallographic integrity and Al preservation

To evaluate whether deformation processes influenced the Al content
in lunar zircons, we utilized EBSD data reported by Grange et al. ** for
grains from 73235,59 and 73235,60, complemented by our own EBSD
analyses (Fig. S12) and existing data from Timms et al. . These com-
bined datasets provide critical insight into whether the Al content
reflects the original magmatic compositions or has been affected by
impact-induced remobilization.

EBSD data reveal that the Tiger, Cracker, and Hexagon zircons
exhibit minimal crystallographic deformation, with misorientation
angles between 4° and 6°. Based on established principles of zircon
deformation microstructures®, networks of crystal-plastic deforma-
tion connected to grain boundaries can create fast-diffusion pathways
for trace element mobility, even along low-angle boundaries. These
pathways are typically characterized by systematic changes in cath-
odoluminescence (CL) spectra and development of new porosity along
boundaries. High-resolution EBSD mapping and detailed CL spectro-
scopy of our analyzed zircons (Figs. S1-6 and S12) show they lack these
diagnostic microstructural networks and associated features that
would enable enhanced diffusion. Our analyzed zircons show no signs
of recrystallization, shock-induced amorphization, or connected net-
works of high-angle grain boundaries in the regions analyzed. The
absence of connected deformation microstructure networks across
key domains, confirmed through systematic EBSD mapping at sub-
micron resolution, indicates that deformation processes have not
significantly influenced the Al content in these grains. These findings
align with Grange et al. >, who documented minimal deformation in
zircons from these samples. Specifically, Grange et al.  report that the
Tiger zircon exhibits a gradual misorientation of ~4°, interpreted as
preserving its magmatic structure. The absence of interconnected
crystal-plastic deformation networks, rather than just the low mis-
orientation angle alone, is insufficient to facilitate significant lattice
disruption or trace element mobility, as confirmed by consistent U-Pb
ages (~4354 + 8 Ma) across the grain. These findings are further sup-
ported by the EBSD data presented by Timms et al. * in their sys-
tematic mapping of deformation microstructures in these grains,
which documented minimal crystallographic distortion in these
domains. Similarly, the Hexagon zircon shows cumulative mis-
orientations well below 6°, with detailed CL and EBSD mapping

showing preserved magmatic growth zoning without modification of
primary growth features that would indicate element mobility along
deformation pathways (Figs. S6 and S12). These observations align
with Timms et al. ¥, who documented that this grain shows no varia-
tions in EBSD pattern quality and exhibits minimal (<5°) crystal-
lographic orientation variations, further confirming its preservation of
primary magmatic features. The Cracker zircon is more complex, as it
exhibits pronounced fragmentation, with fragments misoriented
relative to each other by up to 40°. However, EBSD mapping shows
that the individual fragments remain internally homogeneous, with
misorientation angles within each fragment consistently below 6°
(Grange et al.”%; this study). This observation is further supported by
Timms et al.”’, who also documented that while the grain shows a
network of brittle fractures with significant rotation between frag-
ments, the individual fragments preserve their internal crystal-
lographic integrity. Importantly, high-resolution EBSD mapping of
these fragments shows no evidence of the interconnected deforma-
tion microstructure networks that Timms et al. *® identified as critical
for enabling element mobility. This pattern suggests that the observed
structure results from mechanical damage rather than shock-induced
chemical or isotopic effects. Importantly, we specifically targeted
minimally deformed regions (<4° misorientation) that our detailed
microstructural analysis confirmed were free of connected deforma-
tion networks for SIMS analyses, ensuring that the measured Al con-
centrations reflect primary magmatic conditions. The higher Al
content in Cracker compared to other matrix zircons likely reflects
crystallization from a distinct felsic melt, consistent with geochemical
characteristics observed in the 14303 clasts. Collectively, the pre-
served oscillatory zoning, absence of connected deformation micro-
structure networks (documented through systematic high-resolution
EBSD and CL mapping), and lack of shock-induced amorphization in
these zircons confirm that Al in their analyzed domains has not
experienced significant post-crystallization remobilization. These
observations provide robust evidence that the Al content in Tiger,
Hexagon, and the targeted regions of Cracker represents the compo-
sition of their parent magmatic melts.

For 14303,49, EBSD imaging was not feasible due to the poor
condition of the sample. Despite this limitation, Grange et al. ™ con-
ducted detailed microstructural and cathodoluminescence imaging of
zircons in 14303,49, including Behemoth (their 14303,49 zircon#1).
They interpreted the preservation of distinct oscillatory zoning and
the absence of shock-induced microstructures as evidence that the
grain retains primary magmatic features. Upon examination of Behe-
moth in this study, we found no evidence contradicting their obser-
vations. The cathodoluminescence imaging revealed well-defined
growth zoning, indicative of crystallization in a magmatic environment
(Fig. S2). Furthermore, no signs of recrystallization, amorphization, or
high-angle grain boundaries were observed, supporting the conclusion
that deformation did not significantly influence the zircon’s geo-
chemistry (Fig. S2). Based on Grange et al. ™ and our examination, we
conclude that the Al content in Behemoth reliably reflects the parent
magmatic composition. Collectively, these observations confirm that
Al in lunar zircons provides a robust geochemical signature of their
parent melt, even for impact-affected samples like 14303,49. This
interpretation of primary Al preservation is indirectly supported by
recent atom probe tomography studies of lunar zircon. In analyzing
zircon from Apollo sample 72255, which experienced a similar impact
history to our samples, Greer et al. ¥ demonstrated the absence of
nanoscale clustering of both Pb and Y atoms in domains dated at
~4.46 Ga, which is even older than the zircons in our study. Given that
Pb is a large, highly incompatible element that does not readily sub-
stitute into the zircon structure, the demonstrated immobility of Pb at
the atomic scale strongly suggests that smaller, more compatible ele-
ments like Al would have remained equally or more stable within the
crystal structure over time. This preservation of primary element
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distributions in older, similarly impact-affected lunar zircons supports
our interpretation that the Al contents measured in our samples reflect
original magmatic compositions.

These findings demonstrate that the analyzed lunar zircons, even
when subjected to impact-related deformation, have not undergone
significant Al remobilization, as indicated by the absence of significant
lattice distortion and the preservation of original crystallographic
orientations?>***, The minimal crystallographic deformation
observed in Tiger, Hexagon, and Cracker confirms that post-
crystallization processes have not significantly altered Al mobility,
while the preserved oscillatory zoning and chemical homogeneity of
Behemoth further underscore the robustness of these geochemical
signatures, even in samples with mechanical damage. This demon-
strates that despite physical deformation, these zircons retain their
original Al compositions, reinforcing their reliability as tracers of pri-
mary magmatic conditions. Together, the EBSD and microstructural
data, supported by careful geochemical analyses, provide compelling
evidence that Al in these zircons reliably records the composition of
their parent magmatic melts. These results lay a firm foundation for
interpreting the magmatic evolution of lunar felsic clasts and breccias,
as detailed in the following discussion.

Discussion

Our Al-in-zircon approach provides compelling evidence that both
felsic clasts and matrix zircons in lunar breccias are surrounded by
impact-generated melts, with no preserved primary igneous signatures
in these materials*">'*?>***!, However, the zircons themselves retain
their original Al compositions, as demonstrated by our textural ana-
lyses. These grains likely crystallized from either endogenic lunar
magmatic processes or early impact melt sheets before being incor-
porated as reworked fragments into impact-assembled clastic units/
brecciated matrix, preserving evidence of their pre-brecciation crys-
tallization history. Felsic clasts have often been interpreted as rem-
nants of pristine igneous rocks, yet our findings demonstrate far more
extensive impact modification than previously recognized. While
previous studies, such as those by Grange et al. *?, acknowledged
shock effects in these zircons but argued for significant underlying
igneous characteristics, our data show that only the zircons preserve
their original crystallization signatures, with their surroundings are
largely overprinted by impact processes. This challenges the funda-
mental interpretation of these clasts as pristine magmatic material.
Similarly, matrix zircons show no geochemical equilibrium with their
surrounding impact melt*~°, demonstrating that they are inherited
grains rather than products of the melt that now surrounds them.
While their current geological context has been extensively reworked
by impact processes, these zircons preserve valuable records of
their parent magma composition, offering insights into the magmatic
conditions that existed before their incorporation into the breccia
matrix.

These observations may have broader implications beyond
zircon-bearing rocks, extending to non-zircon-bearing lithologies tra-
ditionally considered pristine, such as ferroan anorthosites (FANSs).
Although our study does not directly test FANs, their classification as
primary igneous products of the LMO is often based on criteria similar
to those used for our zircon-bearing samples. Given our findings on the
limitations of these criteria, it is prudent to approach the interpreta-
tion of non-zircon-bearing lithologies with caution, as they too could
be more extensively influenced by impact processes than previously
understood*'*"7'*-2 Until new geochemical tools tailored specifically
to non-zircon-bearing lithologies are developed, it remains essential to
consider the possibility that some primary samples might be more
altered by impact processes than previously thought. While our find-
ings do not challenge the LMO model itself, they suggest that the state
of primary samples used to reconstruct the history of the lunar crust
warrants closer examination. This approach should ensure that impact

effects are fully accounted for, as demonstrated by our methodology
for zircon-bearing lithologies. As we embark on a new era of lunar
exploration, our findings underscore the importance of adopting a
nuanced approach to unraveling the Moon’s complex geological his-
tory. The pervasive impact reworking revealed by our study highlights
the need for a more refined framework to assess the pristine nature of
lunar samples and accurately interpret their igneous origins. Extract-
ing reliable information about the Moon'’s primary igneous history will
require the development of high-resolution geochemical tools, akin to
our Al-in-zircon approach for zircon-bearing rocks, but specifically
tailored to non-zircon-bearing lithologies like FANs. Targeted sam-
pling of regions distal to major impact basins, including the lunar
farside, combined with multi-faceted analyses at the sub-grain scale
and the application of these advanced tools, will be crucial for probing
the fine-scale complexities, recovering pristine lunar rocks, and accu-
rately reconstructing the Moon’s magmatic evolution. By integrating
these strategies, we can pave the way for discoveries that have the
potential to reshape our understanding of lunar formation and evo-
lution, offering new insights into the early Solar System and guiding
the direction of future lunar missions.

Methods

Sample selection and filtering

A total of 194 zircon grains were identified across 11 Apollo thin sec-
tions from the Apollo 12, 14, and 17 missions. Of these, 79 zircons were
found adjacent to glass-like phases, and 74 were large enough to
accommodate two SIMS spots for dating and chemical analysis. After
applying selection criteria based on size and proximity to glass, 33
zircons were chosen for further study. These zircons either had space
for two SIMS spots or had a previously published age, requiring only
one additional SIMS spot for trace element analysis.

Some analyses were affected by uneven sample surfaces, con-
tamination from inclusions, or grain cracks. Some others were exclu-
ded due to potential contamination from phase overlap, where
analyzed spots intersected non-zircon phases, leading to unreliable
data. To ensure the highest data quality, only the cleanest analyses—
free from phase mixing—were included in the final dataset. Out of 190
total spot analyses on lunar zircons, 52 data points were deemed clean
and contamination-free (see Section C for details on the contamination
screening). This included 40 successful Al-in-zircon analyses on 14
zircons across 6 thin sections (out of a total of 118 spot attempts,
excluding standards) and 12 U-Pb and Pb-Pb analyses on 10 zircons
(out of 72 total spot attempts, excluding standards). The successful
samples were 1213,7, 14303,49, 73217,15, 73217,52, 73235,59, and
73235,60. In total, 14 zircons yielded both U-Pb and chemical data from
the SIMS session. Complementary EPMA was conducted at ASU on 8 of
the 14 grains that had both U-Pb and Al-in-zircon analyses (Sample, this
section and details resented in Data S1). These 8 grains either had glass
inclusions or were in contact with glass. Out of 132 total lunar glass
spot analyses, only 40 were successful due to the glass in the remaining
spots being unsuitable for analysis. The unsuitable glass was
either intergrown with a silica polymorph, exhibited a symplectic
texture, contained a mixture of crystallized phases and remnant glass,
or was too small for reliable analysis.

Sample description
12013,7 (Fig. S1)
Mission: Apollo 12
Landing Site: Oceanus Procellarum
Sample Type: Breccia

This breccia exhibits a distinct dichotomy, composed of a grey
portion dominated by felsite and a black portion characterized by
lithic fragments of noritic rocks interspersed with individual plagio-
clase crystals. While the grey felsite was previously thought to
have crystallized in a singular event*, recent studies, including
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microstructural analysis by Simon et al. *° reveal a more complex his-

tory. These studies show evidence of significant disturbance by shock
processes and intermingling with the black portion of the breccia. This
sample hosts 45 zircons distributed throughout, but only two were
large enough for both U-Pb and Al-in-zircon analyses.

* Zircon: 12013,7 720 - “Mark IV”: This cohesive zircon, found

within the grey felsite portion, has been identified as part of a Rare
Earth Element-rich impact melt>*., It is hosted within a crystalline
matrix and exhibits well-preserved CL zoning (Fig. S1). No glass is
present in the immediate vicinity. A detailed mineralogical
description of the surrounding context within the grey portion
is provided in the main text.
Zircon: 12013,7 Z34 - “Faulted Barrel”: This larger zircon, also
found within the grey felsite portion, has been identified as part of
the same REE-rich impact melt event>*., It is split into two parts
and, like Mark 1V, is hosted within a crystalline matrix with no glass
present in the immediate vicinity (Fig. S1).

14303,49 (Fig. S2)
Mission: Apollo 14
Landing Site: Fra Mauro Highlands
Sample Type: Polymict Breccia

Sample 14303 is classified as a polymict breccia with a wholly
crystalline matrix. This matrix contains a variety of components,
including lithic fragments, plagioclase, and less common fragments of
olivine and pyroxene. Our analysis focused on fragment 49, which
hosts a large felsic nodule previously studied by Meyer et al. . This
nodule, though severely brecciated, exhibits areas with apparently
pristine graphic intergrowth textures, suggesting it preserves primary
igneous characteristics®’. While 24 zircons were identified within the
matrix, all were too small for our analytical techniques. However, the
felsic clast yielded four zircons, three of which were suitable for both
U-Pb and Al-in-zircon analyses.

* Zircon: 14303,49 716 - Climber: Located at the center of the

felsic clast, this zircon is partially enveloped by clinopyroxene and
is in contact with glass but does not contain any glass inclusions
(Figs. 1 and S2). No CL data is available for this zircon.
Zircon: 14303,49 717 - Behemoth: This grain was reported as
14303,49 zircon#1 in Grange et al. . Also located at the center of
the felsic clast, Behemoth is highly fractured. Cathodolumines-
cence imaging reveals a homogenous core exhibiting magmatic
zoning, surrounded by a heterogeneous, brecciated rim (Figs. 1
and S2). U-Pb dating of this zircon initially yielded a discordant
scatter of ages approximating 45Ma and 90 Ma. However, after
excluding analyses from spots overlapping fractures, the remain-
ing data yielded internally consistent weighted mean ages of
4208 + 8 Ma and 4317 + 11 Ma, respectively (Grange et al. %, Fig. 1).
Zircon: 14303,49 Z18 - Pick: Situated in the center of the felsic
clast, Pick is highly fractured and contains glass inclusions
(Figs. 1 and S2). It is partially enveloped by plagioclase and clin-
opyroxene. The limited extent of melting resulted in a fine-scale
intergrowth of melt and crystals around the zircon, precluding
isolation of a pure glass phase for analysis. CL zoning is preserved
in this zircon.

73217 (Figs. S3 and S4)
Mission: Apollo 17
Landing Site: Taurus-Littrow Valley

We studied two sections from this sample, 73217,15 and 73217,52.
Both are characterized as a calcic-plagioclase-rich micro-breccia, fea-
turing a variety of angular mineral clasts and rare lithic clasts within a
fine-grained, partially glassy matrix. The matrix itself is composition-
ally diverse, ranging from micrometer-sized crushed granules of pla-
gioclase and pyroxene to intergranular patches of glass containing
delicate acicular apatite crystals. Subhedral hypersthene crystals

rimming melt patches and tiny, elongated hypersthene grains within
the granulated matrix suggest that recrystallization followed the initial
granulation event*’, We identified 25 zircons within fragment 15, two of
which were suitable for both U-Pb and Al-in-zircon analyses. Fragment
52 yielded 24 zircons, with two also suitable for both analyses.

* Zircon: 73217,15 79 - Davy Crockett: This needle-like zircon is
found within a glassy matrix and exhibits no fractures or glass
inclusions. Slight chemical zoning detected by CL is pre-
served (Fig. S3).

Zircon: 73217,15 Z14 - Iberia: This rounded zircon is situated
within a matrix containing both glass and mineral fragments. It
displays no fractures or glass inclusions, and no obvious CL zon-
ing is preserved (Figs. 2 and S3).

Zircon: 73217,52 716 - Crumbled Cake: This rounded zircon
possesses a granular-textured rim and shows no fractures or
inclusions. No obvious CL zoning is preserved (Fig. S4).

Zircon: 73217,52 717 - Mantis: This grain was reported as
73217,52 zircon#2 in Grange et al. >** This acicular zircon is found
within a glassy matrix and is associated with needle-like ilmenite.
It exhibits perfect angular terminations with no evidence of
resorption (Fig. 2). While it hosts small melt inclusions, they were
too small for EPMA. No obvious CL zoning is preserved
(Figs. 2 and S4).

73235 (Figs. S5 and S6)
Mission: Apollo 17
Landing Site: South Massif
Sample Type: Fine-grained Clast-Rich Aphanitic Impact Melt Breccia
Sample 73235 is classified as a fine-grained, clast-rich aphanitic
impact melt breccia****. It comprises a dense aphanitic melt ground-
mass with a seriate clast distribution**. The groundmass consists of
plagioclase, pyroxene, opaque minerals, and rare spinel. Lithic clasts
are primarily highland rock types, such as shocked Mg-suite anortho-
sites and cataclased troctolites and norites, which appear as schlieren
within the matrix. Notably, mare basalt clasts are absent®. We identi-
fied 14 zircons in fragment 59, with only one suitable for both U-Pb and
Al-in-zircon analyses. Fragment 60 yielded six zircons, four of which
were large enough for both analyses.

e Zircon: 73235,59 Z1 - Tiger: This grain was reported as
73235,59#3 in Grange et al. 2. This zircon exhibits two small zones
along its border that appear brighter in CL imaging”
(Figs. 2 and S5). These zones are significantly younger than the
bulk of the grain and have lower U and Th contents, as well as
lower Th/U ratios. Tiger also displays two sets of planar features
visible in cross-polarized light and as low EBSD pattern quality
features in EBSD maps. These features cut through both the bright
CL domains and the weakly deformed main part of the grain,
indicating a later formation®.

Zircon: 73235,60 Z1 - Oldy: This grain was reported as
73235,60#3 in Grange et al. 2. This rounded zircon is situated in a
matrix devoid of glass in its immediate vicinity. It exhibits no
fractures, glass inclusions, or obvious CL zoning (Fig. S6).
Zircon: 73235,60 Z2 - Cracker: This grain was reported as
73235,60#5 in Grange et al. 2. This zircon is entirely enclosed
within a rock fragment described as a “small granophyric clast of
silica and ternary feldspar,” interpreted as crystallizing from a
felsic melt® (Figs. 2 and S6). Cracker displays variations in polish-
ing relief and EBSD pattern quality, indicating several irregular
domains of low crystallinity®. Brittle fractures fragment the grain,
some with measurable offsets. Patchy CL zoning is preserved
(Figs. 2 and S6).

Zircon: 73235,60 Z3 - Hexagon: This grain was reported as
73235,60#4 in Grange et al. ? This solitary mineral clast is
embedded in the breccia matrix (plagioclase and pyroxene,
no glass) and exhibits radiating cracks. However, it is
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otherwise simple, lacking inclusions, fractures, and CL zoning
(Figs. 2 and S6).

* Zircon: 73235,60 Z6 - Yak: This grain was reported as
73235,60#2 in Grange et al. *. This small, rounded zircon grain is
found within a matrix composed of plagioclase and pyroxene (no
glass). It displays no inclusions or fractures, and no CL zoning is
observed (Fig. S6).

Zircon/glass correlation

Figure 3 in the main manuscript compares Allp, and Allg,ss values to
investigate potential relationships between these parameters. Here we
explain how we performed the analyses grouping to evaluate whether
these parameters show systematic relationships. Pick, Davy Crockett
and Crumble Cake are straight forward as they only hold one Al-in-
zircon spot that we compared against any available glass analysis for
each zircon (either touching of inclusions). Figure S7 and Data S4 show
the details of the correlation for samples having more than one Al-in-
zircon spot.

Sample characterization and imaging

Polished thick sections (-100 um) and standard thin sections were
prepared for petrographic analysis. Zircon identification within each
sample was conducted using a Field Emission Equipped Microprobe
(JXA-8530F) at the LeRoy Eyring Center for Solid State Science, Arizona
State University. Element mapping of Zr concentrations was employed
for this purpose. An accelerating voltage of 15 kV and a beam current of
20 nA were used for all samples. Cathodoluminescence imaging was
performed using a UCLA Tescan SEM equipped with a polychromatic
CL detector. Backscattered electron images were acquired using the
microprobe (Figs. 1, 2 and Figs. S1-S6), along with reflected light
images, to guide spot locations for subsequent ion microprobe
analysis.

EBSD analyses were performed on selected zircons from 73235,59
and 73235,60 to assess deformation levels and their potential influence
on trace element mobility. These analyses were conducted using the
Zeiss Auriga SEM/FIB system at the LeRoy Eyring Center for Solid State
Science at Arizona State University. This system is equipped with a
high-resolution field emission scanning electron microscope (FE-SEM)
and an EBSD detector, capable of generating high-quality crystal-
lographic data. Grains were mapped to quantify cumulative mis-
orientation, identify subgrain boundaries, and detect recrystallized
zones. Figure S12 shows EBSD maps for “Hexagon” and “Cracker,”
overlaid with SIMS analytical spots. Misorientation angles remained
below 6° across all analyzed regions, confirming structural preserva-
tion consistent with magmatic crystallization. No evidence of amor-
phous domains, high-angle grain boundaries, or recrystallization
features was observed, further supporting the interpretation of Al
immobility. These EBSD analyses complement existing microstructural
data from Grange et al. *> and Timms et al. ¥, who also documented
minimal deformation in zircons from these samples. Grange et al.
provided foundational observations, and our work builds on their
conclusions by directly linking crystallographic integrity with trace
element analyses in regions specifically targeted for SIMS
measurements.

Given the importance of zircons from the 14303,49 section to the
conclusions of this study, we screened the literature for existing EBSD
data on these grains. Grange et al. ©*, who conducted a detailed and
exhaustive study of Apollo zircons, did not report EBSD data for the
large zircon they named 14303,49 Zircon#1 (referred to in this study as
“Behemoth”), marking its EBSD status as “NA” in their tables. To fill this
gap, we attempted to acquire our own EBSD data for zircons from this
section. Upon initial examination, the section’s condition presented
significant challenges. The epoxy/glue used in mounting the sample
was peeling away, compromising the section’s structural integrity.
EBSD imaging requires a thoroughly polished surface to yield

interpretable deformation data. However, during polishing attempts,
the section began to deteriorate, with grains and rock fragments visi-
bly peeling away along with the epoxy. Further polishing risked
destroying portions of the sample, making it infeasible to continue
using standard preparation techniques. We subsequently attempted
gentler, manual polishing methods to preserve the sample’s integrity
while improving surface quality. Despite these efforts, the surface
remained inadequate for generating reliable EBSD results. Considering
NASA's strict curation policies for minimally destructive analyses, we
concluded that EBSD imaging for the 14303,49 section was not fea-
sible. It is likely that Grange et al. ** reached a similar conclusion during
their work on this section. In the absence of EBSD data for “Behemoth”
and other zircons from 14303,49, our interpretations rely on other
structural observations, including cathodoluminescence imaging and
the comprehensive contextual data provided by Grange et al. . These
observations support the preservation of primary magmatic features
in “Behemoth” and ensure that the zircon’s geochemical signatures
remain robust for interpretation.

Ion microprobe (SIMS) analyses

Lunar thin sections were plasma cleaned then sonicated in DI H,0 with
five minutes spent in ethanol to clean the surface and prepare for a
fresh C-coat. At ASU, we applied ~25 nm carbon coat to prevent char-
ging on the sample surface. After sample preparation, they were
placed under vacuum at UCLA overnight to promote degassing of the
epoxy portion of the sample. Both U-Pb dating, and Al ( + other trace
elements) analyses were performed on the UCLA CAMECA ims1290
using the Hyperion-Il ion source producing an oxygen ion beam with
very low energy dispersion, leading to significantly higher beam
brightness and thus smaller diameter beam spots (for a given current)
compared to regular duoplasmatron ion source*’.

Samples were measured for U-Pb age using the CAMECA ims1290
ion microprobe at UCLA, with a protocol slightly modified from that of
Quidelleur et al. * as presented in Barboni et al. *®. After ultrasonica-
tion in deionized water and ethanol, samples were carbon coated.
Analyses were made in monocollection mode with a 2nA O™ beam
focused to a~8um spot and accelerated by —13kV to a sample stage
held at +10 kV. A 90 second presputter with additional 5 um raster was
used to clean common Pb from the analytical surface before data
collection. The mass-resolving power (MRP) was ~-5000 to resolve all
interferences, most notably those on the various Pb isotopes. Oxygen
flooding to 1-2 x 10-5 torr was used to enhance Pb ionization. Cor-
rection of the Pb/U relative sensitivity factor was accomplished using
the linear correlation between 8U0,"/%8U" and 2°°Pb*/?8U" for stan-
dard zircons from the standard zircons AS3 and FC1 from Duluth
Complex*’. Common Pb corrections were made using measured 2**Pb.
We note that because all analyses are >97% radiogenic (and most
>99%), variation in common Pb compositions has minor effect on the
Pb-Pb ages. We assumed an origin of common Pb by laboratory con-
tamination and used the composition of southern California environ-
mental lead for correction®. Each analysis was run for 20 cycles.

Following U-Pb dating, zircons were measured for Al concentra-
tion along with selected other trace elements using the CAMECA
ims1290 ion microprobe at UCLA. The analytical protocol is similar to
that of Trail et al. **> but with added trace element species. Analyses
were made in monocollection mode with a 3 nA O* beam focused to a
10 um spot and accelerated by —13kV to a sample stage held at +10 kV.
The MRP was ~5000. Targets were pre-sputtered for 3 min with an
added 5 um raster to remove surface contamination. Masses measured
included ®Na+, *Mg’, 7Al*, 5Si*, *'P*, K, *°Ca*, **Ti*, *Fe’, "Hf"*, #Y*,
180Hf160*, 22Th*, and 2*8U". 8Si was measured using an axial faraday cup,
while the other masses were measured using the axial electron multi-
plier. All other elements were normalized to %Si for correction. Al
concentrations were corrected using a synthetic Al-doped zircon
standard (described in Trail et al. *®). Concentrations of Na, Mg, P, K, Ti,
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Y, Hf, Th, and O were corrected using the NIST610 standard glass, with
the 91500 zircon® as secondary standard to monitor the correction
scheme. The "’Hf"" doubly-charged peak was used to correct for a
78Hf* interference on Y.

We relied on the Fe/*°Si ratio as a proxy for contamination,
particularly for monitoring potential Ti contamination from Fe-Ti
oxides, which are the most likely source of Ti contamination in our
samples. Furthermore, we included *°Zr/°Si, 2Na/*°Si, *°K/*°Si, and
#4Ca/*°Si ratios as additional indicators of potential analytical overlap
between the zircon and its surrounding phases and surface con-
tamination. High **Zr/*Si ratios were used to ensure that the analyses
were indeed within the zircon grain. 2Na/*°Si, *K/*°Si, and **Ca/*°Si
tracked surface contamination. Each analysis was run for 10 cycles.
Trace element data are presented in Data S2. We note that we report U,
Th and Th/U values as initial, that is, accounting for the change in
composition of the radiogenic analytes. Therefore, we back calculate
their compositions at the point of the calculated age of the
zircon grain.

Importantly, data from zircon analyses that exhibited overlap with
non-zircon phases were excluded from the final analysis, as this con-
tamination could distort the true chemical signature of the melt
inclusions. This rigorous contamination screening ensured that only
the cleanest and most representative data were included in the results,
minimizing the risk of phase mixing. The supplementary materials
include updated visual highlights of the regions excluded due to
contamination.

Glass electron microprobe analyses

We used the Arizona State University JEOL JXA-8530F field emission
electron microprobe to analyze interstitial glass compositions in
Apollo samples. To acquire data, we utilized the Probe for EPMA
software by Probe Software, Inc. Using an accelerating voltage of
15keV, a probe current of 15 nA and a probe diameter of 5 and 10 ym,
we measured the intensities of the Ka lines of Si, Ti, Al, Cr, Fe, Mn, Mg,
Ca, Na, and K. We selected counting times of 30 s on the peaks and a
combined 30 s on the backgrounds and traced element mobility of Na
and K with the time-resolved intensity correction of the Probe for
EPMA software. Our analyses did not show consistent decreases of
X-ray counts for Na and K, suggesting that no corrections for element
mobility were necessary. We used the following standards for the
calibration of the electron microprobe: Al and Ca-Anorthite, Cr-Chro-
mite, Fe-Fayalite, Mn-Rhodonite, Mg-Hypersthene, Na-Albite, and
K-Orthoclase. Our calibration yielded the following detection limits:
0.01 wt% for Si, Al, Mg, and Na; 0.02 wt% for Ti and Cr; 0.04 wt% for Mn;
0.05 for Fe; and 0.06 for Ca and K. Molar Al,05°%/SiO; (Allgjsss) Was
calculated for each glass analysis using the SiO, and Al20; reported
values (Fig. S8 and Data S3). Allgjass (Al203)°%/SiO2 by mole ratios were
calculated using non-normalized molar values derived from the weight
percentages of SiO, and Al,Os. The moles of SiO» and Al,O3 were
obtained by dividing the wt.% of each oxide by their respective molar
masses (60.09 g/mol for SiO, and 101.96 g/mol for Al,03). Moles of
aluminum were calculated as 2 times the mole of Al, reflecting the
stoichiometry of Al,Os. This approach does not involve normalization
to total moles, as the ratio inherently reflects the proportional rela-
tionship between Al and Si. To facilitate reproducibility, Data S8 pro-
vides an automated tool for calculating Allg,ss values from glass wt.%
of Al,O3 and SiO,, ensuring consistent application of these
parameters.

Al-in-zircon experiments

We selected 5 starting compositions that capture a range of plausible
physical and chemical magma processes on the Moon, including
impact-generated melts, immiscible melt generation, and melt mixing.
Our first composition (1) is modeled after KREEP basalt 15386, which is
thought to have formed from re-melting or assimilation of a late-stage,

urKREEP-like LMO residual®. This composition is ideal for our purpose
because it is interpreted to be an endogenously produced igneous
material®. It is relic free, has preserved igneous textures, and does not
have high siderophile element abundances and is thus considered to
be generally free of exogenous input®. Importantly, the relatively
pristine nature of this composition has led others to conduct experi-
ments to evaluate melt composition evolution along the liquid line of
descent, with resulted in liquid immiscibility at ca. 1050 °C*%. The
evolved immiscible felsic liquid reported in Hess et al. *? is expected to
saturate in zircon®>*. The ALO;**/SiO, (by mole)—i.e., Allgass—0f the
starting composition is 0.45. For composition (2) we use results from
Roedder and Weiblen* who reported the composition of 6 immiscible
granitic melt inclusions from 14310,5 This composition is meant to
represent another fractionated late-stage residual melt with endo-
genous origins. This is our most silicic melt composition and is
representative of lunar granitic material, for which there are reports of
a couple dozen occurrences**®. Evidence for the abundance of this
rock type is also reinforced by the remote sensing identification of
non-mare silica-rich volcanic constructs on the lunar surface”. This
also represents the rock mix with the lowest Allg,ss which is equal to
0.27. For composition (3) we select a composition analogous to a
quartz monzodiorite (QMD) clast 14141,7069 reported in Jollif*3, which
is also nearly identical to QMD clast data reported from 15405 by
Taylor™. Meyer et al. > documented zircon grains in two QMD clasts
(15405,57 and 15405,145) found in a lunar breccia. Additionally, the
sample they described shares the same mineralogy as a QMD clast
examined by Ryder®® [15405,12]. These samples, characterized by their
very high Fe content, are believed to be the result of fractionated
basalts, as suggested by Jolliff*®. Rock composition (4) is a mixture of
highland basalt and immiscible granite 14310,5 presented in (2), in 80/
20 proportions, respectively. Rutherford et al. ' proposed this mixture
as a potential explanation for the composition observed in certain
impact melt breccias. Similarly, Ryder and Bower®’ reported a com-
position in sample 14064 that aligns with this mixture, indicating its
resemblance to melt breccias. This also represents the rock mix with
the highest Allg,, Which is equal to 0.55.

And finally, we select a monzonite rock type for composition (5),
(Allgass = 0.37) which are not as common as glasses and crystalline
material with granitic composition. Previously, high-temperature
experiments were conducted to investigate the origins of these
rocks, leading to the conclusion that they are probably not liquids
derived from residual fractionated lunar basalts. Rather, they are
inferred to be mixtures comprising granitic liquid, plagioclase, and
pyroxene cumulates. This suggests they embody various rock types
formed through secondary processes on the Moon®. Additionally,
Lovering and Wark®® reported the average composition of “mon-
zonites” from multiple clasts across different Apollo missions.

The five target rock composition are provided in Data S5 with
Allg,q target compositions between 0.27 to 0.55. These compositions
represent a complementary range of primary and secondary magmatic
processes. It is also important to keep in mind that lunar impact
breccias are produced by at least one impact and are thus a mixture of
materials derived from different materials and locations. We do not
need to produce the exact melt composition for the project to be
successful. Our strategy, rather, is to parameterize ppm Al in zircon
as function of Allg,s derived from the experimental product. The
application of this parameterization, based on zircon Al content,
yields Allpm,

Based on the compositions in Supplementary Data 5, we prepared
rock mixes in the SiO,-Al;03-FeO-MgO-Ca0-Na,0-K,0-ZrO, system
(xH,0), following the general strategy outlined in Wang and Trail*’ that
we summarize here. First, major oxide mixtures were prepared from
reagent grade SiO,, Al,03, decarbonated CaCO3, MgCO3, Na,CO3, and
K»>CO5 to yield a haplobasaltic composition, along with ~5wt% ZrO,.
Components were ground under ethanol for 30 min in an agate
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mortar, dried, and then packed in to a Pt crucible. The mixtures were
decarbonated at 850°C overnight in a muffle furnace. The dec-
arbonated rock mixtures were re-ground (by hand) for 30 min under
ethanol before re-packing into a Pt crucible. Rock mixes were heated
above the liquidus in a 1atm furnace for 6 h. This glass was then
ground to powder by hand for 1 h under ethanol in a mortar and pestle
in preparation for the partitioning experiments?****%*, Finally, FeO,
additional SiO, and Al(OH); were added to make the desired rock mix
composition.

The experiments were designed to be water-bearing (- 3 wt %H,0)
for three reasons. First, H" is a possible charge balancing reaction for
the entry of AP* in the zircon structure®®*’, second trace H,O has been
documented in lunar samples, and third, H,O depolymerizes silicate
melts, resulting faster diffusivities for Zr and therefore zircons that
are of analyzable size under laboratory durations. Rock mixtures were
loaded into machined Fe or Pt/Au-Pd capsules and experiments
were conducted in a piston cylinder device following the method of
Wang and Trail”. Briefly, samples were pressurized to 1 GPa, ramped at
200°/min to the desired T (between 1300 and 1050 °C), and left to
dwell for 94 to 456 h (Data S7).

Additional rock mixes—an anhydrous suite—where also made
from the base mix without the addition of hydrous phases, though
these were rarely used due to difficulties with growth zircon in water
free systems at laboratory timescales. With these mixes, we conducted
2 successful experiments using melt composition (1) at 1 atmosphere
and 1200/1250 °C. Samples were packed into a graphite capsule sealed
in an evacuated silica tube, and left to dwell for 24-70 h, and then
quenched in a beaker of water. Other attempts were made to synthe-
size analyzable zircons using the other melt compositions; however,
these attempts were unsuccessful.

The Al content of experimental zircon was determined using a
Teledyne Cetac (formerly Photon Machines) 193 nm G2 excimer laser
ablation (LA) system, coupled with an Agilent 7900 quadrupole
inductively coupled plasma mass spectrometer (ICP-MS) at the Uni-
versity of Rochester. The LA system features a HelEx sample chamber,
enabling the transport of targeted material to the ICP-MS post-abla-
tion. Helium flow rates in the HelEx sample chamber (MFC1) and the
HelEx arm (MFC2) were set at 0.6 L/min and 0.2 L/min, respectively.
Additionally, Argon (Ar) was introduced as a carrier gas at 1.3 L/min
before a sample was introduced into the plasma. Each analysis com-
prised a sequence of a 20 s background counts collection, followed by
a 15s LA period, and ended with a 35s washout period to purge the
previous sample and transition to the next. The experimental zircon
crystals were analyzed with the laser operating at a fluence of 4.72)/
cm? for 15 s with a repetition rate of 10 Hz. Considering that the size of
the experimental zircon crystals correlates strongly with the tem-
perature and duration of the experiment, the spot size was selected as
2,3, or 4 um, depending on the crystal size. For the analyses with 3 and
4 um spot sizes, the elements »Na, “Al, Si, *P, Zr, "Lu, and "®Hf
were examined. Analyses with a 2 um spot size focused solely on the
elements *Na, ZAl, #Si, and *'Zr. In analyses using the 2 um spot size,
the number of measured masses was reduced to increase the counting
time on the crucial elements. This adjustment aimed to mitigate
potential concerns about data precision due to the lower volume of
ablated material, ensuring a more robust and accurate analysis within
the limitations of the 2 um spot size.

During analyses, 2Na was treated as a marker element to differ-
entiate between zircon and glass since the ablation process often
penetrated through the zircon to the embedded glass. The point at
which the laser transitioned from ablating zircon to sampling the glass
was carefully monitored in the *Na spectrum, marked by a sharp
increase in counts corresponding to the glass. For elemental compo-
sitions, calibrations were performed using a synthetic Al zircon stan-
dard reported in Trail et al. **, the composition of which been
documented in Trail et al. 2. We also used a separate Al in zircon

standard ‘Z_AIPLuHf, synthesized in a piston cylinder using the
method described in Trail et al. *. Zircon composition data
were reduced and calibrated into concentration values using the lolite
4.1 software package, using the Data Reduction Schemes of
Trace Element Next®, with 2Si used as an internal standard. To assess
data quality, glass standards NIST610 and NIST612 were employed as
secondary reference materials.

The elemental compositions of the experimental glass were
determined using the Cameca SXFive electron probe microanalyzer
(EPMA) at Syracuse University, with a 15 kV accelerating voltage for all
quantitative measurements. Reference materials applied to unknown
samples for calibration were analyzed with a focused 20 nA beam
current. These reference materials were also measured as unknowns
using the same beam condition to monitor data quality. The experi-
mental glass was examined utilizing a defocused 10 nA beam current
with a 10-micron spot size to mitigate potential Na mobility/loss
inherent in targeted glasses. Standards of basalt glasses VG2 & A99
were included in the analysis session and were measured using the
same beam condition to ensure data quality. The Si values from basalt
glass standards obtained with a 10 nA beam current were slightly
lower, while measurements at a 20 nA beam current showed values
closer to reference material values, which may be attributed to signal
loss under lower current conditions.

Each measurement of Al, Si, Na, Mg, Fe, Mn, Al, Si, Na, Mg, Fe, and
Mn involved a 20-s peak and 10-s background, while Ti, P, K, and Ca
measurements comprised a 10-s peak and 5-s background. The X-ray
line applied for Al, Si, Na, Mg, Ti, P, K, Ca, Fe, and Mn elements was Ko,
while for Zr, it was La. Concentration calibration for each element was
accomplished using different reference materials: Sillimanite for Al,
basalt glass VG-2, basalt glass A-99, quartz, and Diopside for Si, Jadeite
for Na, Enstatite for Mg, Rutile for Ti, Apatite for P, Sanidine for K,
Diopside for Ca, Fayalite for Fe, Rhodonite for Mn, and zircon for Zr.

All data and fit results are reported in Data S6 and S7. Several
attempts were made to fit the data to various melt parameters. This
also included the ASI parameter or ASI (a molar ratio of Al,O5/(CaO-
Na,0-K;,0) which is common among terrestrial melts. We initially tar-
geted this melt parameter because it has been used with success for
terrestrial samples”?%. For instance, Trail et al. ?® measured Al con-
centration in zircon from 19 geographically and petrologically varied
terrestrial rocks. Zircon from peraluminous rocks (ASI ranging from
1.03 to 1.6) exhibited Al in zircon values approximately an order of
magnitude higher than those in zircon from metaluminous rocks (ASI
between 0.88 and 0.99). This result was confirmed by experiments
where the ASI was varied from 0.5 to 1.2”. However, the starting rock
mix in these experiments only had an SiO, content ranging only from
63 to 66 wt% and lacked FeO and MgO, which are two key components
in lunar melts. To better reflect the range of probable crystallization
environments, our starting lunar compositions ranged from 51 wt% to
76 wt%, (Data S5) and we found that the SiO, and Al,O5 content of the
melt both influence the uptake of Al in zircon.

In considering Al in zircon in a lunar setting we start with the
following model reaction after Trail et al. *

ZrSiOy(zircon) +1/2Al,05(melt) +1/2H,0(melt)

1
=Zr[AIH]O4(zircon) + SiO,(melt) @
The equilibrium constant becomes:
aze X an;elt
K= { Zr[AIH]O4] [ S 02] 2)

e 112 1012

[afiss] " * [afiss)]
where aR];‘(‘B is the activity of alumina in the melt, etc. Hereafter we do
not directly consider the role of H,O and assume that it is constant.
Note that we have previously established that there is a correlation
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between H content (i.e., ‘OH’) and Al in zircon? in hydrothermal fluid-
saturated experimental environments. However, we document incor-
poration of Al into the zircon structure under anhydrous conditions
and so there is no evidence that the activity of H,O in the experimental
system is a crucial main driver that controls Al incorporation into the
zircon structure. We also assume that:

Tamos ~ XK, PPM] X Ky 3)
where k; is the Henry’s Law constant that relates a%:fAle to X' f{fA,Hlm
and the factor that converts X2y ;04 to X5 (in ppm). We make similar
assumptions for the melt composition assuming there a constant of
proportionality that relates the activity of melt components Al,O5
and SiO, to their respective mole fractions. Taking all this into con-
sideration and rearranging, we can express the following proportion-
ality:

( [AIZ 03] melt) v

_ @
510,] Allzpm

Al in zircon (ppm) o
melt

where the values of the melt composition represented as molar
quantities. This predicts that as [Al,Os]nerc increases, so should the
ppm Al in zircon. It also predicts that an increase in [SiO5] e Will yield
a corresponding decrease of Al concentration in zircon. This simple
model is broadly confirmed with our experimental data (Fig. S9). We
use the basic form of Eq. 4 to fit the data, where results of these fits are
summarized in Data S6.

Several analyses yield totals falling well below 95%, particularly at
lower temperatures. While we primarily attribute these low totals to
fractional crystallization, which increases the water content and
reduces the measured oxide totals, we acknowledge that unmeasured
noble metals (Pt, Au, Pd) from the experimental capsules may also
contribute to these deficits. In the interest of transparency and scien-
tific reproducibility, we chose to include these lower-total analyses in
the final calibration. All experimental samples are preserved and
available for future analytical work. For reference, filtering out analyses
with totals below 95% increases the best-fit slope from approximately
~600 to ~850; using this larger slope would only exacerbate the dis-
crepancy between Allgjass and All,,r, in the lunar dataset. All the data
and the resulting fits can be found in Data S6 and S7.

We also note that MnO sometimes present in the silicate glass
analyses in minor amounts. MnO is also commonly found as a minor
component in natural samples; for example, sample 15386 used in
designing our rock mixture—contains ~0.15 wt% MnO. Although MnO
was not deliberately added to our starting materials, we analyzed for it
because industrially processed—Fe used in some of our capsules may
have Mn as an impurity. In experiments where the melt was in direct
contact with Fe capsules, the MnO content averaged ~0.3 wt% across all
temperatures (e.g., 0.28 wt% at 1100 °C). In contrast, when Pt capsules
were placed between the melt and the Fe, MnO contents averaged
~0.01 wt%. Nevertheless, in cases where MnO is detected, it is similar to
the concentration found in natural samples.

These experimental glass results (Al,05°%/SiO, (by mole))- along
with Al contents in zircon are used to estimate All,,y, lunar zircon host
melts, which are compared to actual Allg,ss of lunar glass proximal to
the zircon (Fig. S10). We chose to force our regression through zero
based on the fundamental premise that no Al in the melt should result
in no Alin zircon. While a non-zero intercept could suggest a minimum
Al content required in the melt for zircon to incorporate Al, we favor
the simpler model that assumes direct proportionality. Throughout
this study, we use the forced-through-origin regression values for all
figures and interpretations. For transparency, both forced and non-
forced regression All,m, values are provided in Data S6, and we include
an auto-calculation tool in Data S8 that allows readers to calculate

All,pm using either approach for their own Al-in-zircon measurements.
Note that over the T range explored, there is no well-defined T trend
with the data, and so our fit does not include T as a key variable in these
fits (Fig. S9).

Data availability

The data generated in this study are provided in the Supplementary
Materials and main text. The literature data used in Fig. 4 were com-
piled from previously published studies, which are cited in the figure
caption. No new datasets requiring repository deposition were gen-
erated for this study. All geological samples analyzed in this research
are Apollo lunar samples, provided on loan by NASA’s Curation and
Analysis Planning Team for Extraterrestrial Materials (CAPTEM). These
samples were collected during the Apollo 14 and 17 missions and are
curated by NASA’s Johnson Space Center. Researchers interested in
accessing these samples should contact NASA CAPTEM directly to
inquire about sample availability and loan procedures.
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