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Understanding when lunar granitoids formed remains a long-standing challenge hampering
efforts to place these rock types into the wider context of the geological evolution of the
Moon. In particular, it is poorly understood what their relationship is to KREEP-rich mafic
lithologies such as alkali gabbronorites that have been linked to the generation of felsic
melts through processes such as crustal underplating. Here we report in situ Rb-Sr, U-Pb,
and Pb isotope systematics for lunar granitoid and alkali gabbronorite clasts from a range
of Apollo landing sites. Our data indicate that the dates derived from the Rb-Sr, U-Pb, and
Pb isotope systematics recorded by plagioclase, K-feldspar, Ca-phosphates, and glass most
likely reflect impact resetting events rather than initial crystallisation ages. Granitoid and
alkali gabbronorite samples 67975,9011, 14303,330, 72275,520, and 73255,9083 record
dates consistent with the Imbrium impact event at 3.92 Ga, whereas samples 14305,111,
73235,73, and 14305,102 record modification by younger impacts at ~3.5 to ~3.6 Ga.
Currently, zircon U-Pb isotope dates provide the most robust constraints on the formation
ages of Apollo sampled granitoids. The majority of zircon dates are significantly older
than those calculated from crater counting for lunar silicic domes (mostly between ca. 4
to 3.6 Ga). Consequently, it is not evident that mechanisms for generating large volumes
of evolved melt by processes such as crustal underplating of mafic lithologies are needed.
Formation within granophyre layers in magmatic layered intrusions or differentiated impact
melt sheets cannot be ruled out.

1 Introduction

2025). These rock types typically occur as small (< 1 mm)
clasts within breccias and soils. Their small size has made

Understanding how felsic rocks formed on the Moon remains
a long-standing challenge; this is in part due to their rarity
and small sample size in existing collections. Rocks with
felsic compositions make up only ~0.03 % of the mass of all
Apollo samples (Seddio et al., 2013). These rock types are
commonly referred to in the literature as granites; however,
we prefer the term granitoid, as many reported fragments
are not granites sensu stricto when considering their modal
mineralogy. Granitoids are found at multiple Apollo (A)
landing sites (A12, A14, A16, A17; e.g., Warren et al., 1983;
Jolliff et al., 1991; Seddio et al., 2013; Valencia et al., 2024),
within lunar meteorites (e.g., Fagan et al., 2014; Joy et al.,
2011; Zeng et al., 2020; Oliveira et al., 2025), and at the
farside Chang’e 6 landing site (Li et al., 2024; Zhang et al.,

it challenging to employ geochronometers to constrain the
timing of their formation and/or modification. Either clasts
have been consumed by destructive analyses (e.g., Shih
et al., 1994), or are required to have trace mineral phases
such as zircon to perform in situ analyses (e.g., using the
U-Pb chronometer; Meyer et al., 1996). Based largely on
U-Pb isotope zircon dates, granitoid rocks display two date
clusters between ~3.63 to 4.05 Ga and ~4.20 to 4.35 Ga
(Meyer et al., 1996). However, the small number (~14) of
samples with reported dates makes it unclear whether these
represent continuous magmatism, distinct melting events,
or whether some clasts have undergone impact (shock)
modification and isotopic resetting.
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Being able to differentiate between crystallisation and
impact-related reset ages is important for placing these small
rock fragments in the wider context of felsic melt generation
on the Moon. It is unclear, for example, if these fragments
relate to the large (estimated > 10s km® volumes; lvanov
et al., 2016) silicic domes such as Gruithuisen, Hansteen,
Mairan and Compton Belkovich. Notably, model crater
counting ages for silicic domes have a smaller spread of
ages (4.0-3.6 Ga; Wagner et al., 2002; Su et al., 2023)
than Apollo granitoids. Deciphering the timing of granitoid
formation is also important for placing constraints on their
petrogenesis. Several scenarios have been proposed to
account for evolved melt generation on the Moon. Mod-
els include differentiation of mantle partial melts rich in
incompatible elements or differentiation within large impact
melt ponds (Hurwitz and Kring, 2014; Shearer et al., 2022),
potentially involving silicate liquid immiscibility (i.e., forma-
tion of coeval Fe-rich and Si-rich melts; Neal and Taylor,
1989; Jolliff et al., 1991). A popular model advocated in
recent years is basaltic underplating (Hagerty et al., 2006;
Gullikson et al., 2016; Valencia et al., 2024), which could
produce melt on the scale needed to account for the silicic
domes. Briefly, it has been observed in some terrestrial
settings that, when magmas are intruded into mafic crust,
the resulting heat can generate large volumes of felsic partial
melts (Hagerty et al., 2006). Based on the observed trace
element systematics of Apollo granitoids, experimental and
modelling constraints indicate that, for this process to have
occurred within the lunar crust, the source lithologies that
underwent partial melting must have contained elevated
concentrations of incompatible trace elements; e.g., they
were KREEP basalts or their plutonic equivalents (Hagerty
et al., 2006; Gullikson et al., 2016; Su et al., 2023; Valencia
et al., 2024; Ravi et al., 2025). Here, KREEP refers to
a geochemical component enriched in potassium (K), rare
earth elements (REE), and phosphorus (P), relative to
typical mare basalts.

A major limitation with the underplating formation mech-
anism is timing: dated Apollo KREEP basalts have younger
formation ages (~3.85 to 4.15 Ga; Stoffler et al., 2006)
than some granitoids. At face value, this appears to preclude
the underplating formation mechanism as the source for
the older group of granitoids; however, this age range for
KREEP basalts is based on relatively few samples (three
from Apollo 15 and one from Apollo 17; Stoffler et al.,
2006; Shearer et al., 2023). Rock types such as alkali
gabbronorites, which have been suggested to represent the
mafic plutonic equivalents of KREEP basalts (Snyder et al.,
1995), also have few reported dates (Shearer et al., 2023).
One zircon U-Pb date (4.33 Ga; Meyer et al., 1989) is
within range of the older group of granitoids; however, the
host sample (67975,131) is a breccia, and it is unclear from
the reported petrological context if the analysed zircon is
situated within an alkali gabbronorite clast or is isolated
within the breccia matrix.

There is a clear need to expand the range of crystallisation
ages reported from lunar granitoids and KREEP-rich rock
types in order to fully assess the role of crustal underplating

as a granitoid formation mechanism. Different isotope
systematics are modified differently by shock events/impact-
gardening within the crust (e.g., Borg et al., 2005). Here,
we report in situ Rb-Sr, U-Pb, and Pb isotope systematics
for ten granitoid clasts (six of which do not have published
isotopic data) and five alkali gabbronorite samples from
a range of Apollo landing sites (A12, Al4, Al6, Al7).
We aim to establish whether these isotope systems can
be used to place further constraints on granitoid and alkali
gabbronorite formation ages, or whether the isotope systems
have been modified by impact processes. The advantage
of in situ measurements is that the petrographic context
of the analysed phases is preserved. This aids in accurately
interpreting the reported isotopic dates for the samples
investigated here, and more widely within the literature.

2 Samples and Methods

For this study, we investigated granitoid clasts within
breccias in 12013,13; 14305,111; 14305,102; 72275,520;
73235,73; 14304,209, and in polished sections of regolith
breccia meteorite Northwest Africa (NWA) 4472 (described
in Joy et al. 2011; see also pair NWA 4485; Arai et al.
2025). We also investigated granitoid fragments within
soil samples 73255,9084; 73255,9083; 14303,330; and
alkali gabbronorites clasts within breccias in 14304,278 and
fragments within soil samples 14313,70; 67975,9011. Thin
sections 14304,209 and 12013,13 are breccias that contain
both granitoid and alkali gabbronorites clasts.

2.1 Scanning electron microscopy

Backscattered electron (BSE) and X-ray element maps
were collected using a 15kV acceleration voltage on a
FEI QUANTA 650 field emission gun scanning electron
microscope (SEM) equipped with a Bruker Quantax en-
ergy dispersive spectrometer (EDS) at the University of
Manchester.

2.2 Major and trace element analyses

Mineral major and minor element chemistry was measured
using a Cameca SX100 electron microprobe at the University
of Bristol. Element abundances (Si, Al, Fe, Ca, Mg, Ti,
Na, K, Mn, Cr, Ba) were measured with an accelerat-
ing voltage of 20kV and a 20nA beam current. Major
element abundances for felsic phases (silica, plagioclase,
alkali feldspar, and Si-K-rich glass) were measured with
a defocused (10 pm) beam. Pyroxene was analysed with
a fully focused beam. All sections were carbon coated
prior to analysis. Counting times for each element were
between 10 and 60s, depending on element abundances.
Typical analytical uncertainties were ~0.1wt% for major
elements and ~0.05 wt% for minor elements. Standard PAP
corrections were applied. The instrument was calibrated
using both natural and synthetic standards (Table S1, in
Supporting Data; Pernet-Fisher, 2026). Additional high-
precision analyses of Ti in silica for sample NWA 4472 were
obtained using a Cameca SX100 electron microprobe at the
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University of Manchester. Full details of this method can
be found in the Supplementary Materials.

Trace element abundances were obtained using a Teledyne
Analyte Excite+ 193 nm ArF Excimer laser ablation (LA)
system equipped with a HelEx Il active 2-volume ablation cell
coupled to an Agilent 8900 inductively coupled plasma mass
spectrometer (ICP-MS) at the University of Manchester.
The NIST SRM 612 reference glass was used to tune
the instrument, optimise signal intensities, and maintain
low levels of oxide formation (?32Th!°0/?%2Th <0.2%)
and a 28U /232Th ratio close to unity. A summary of the
analytical protocol is provided in Table S2 (Pernet-Fisher,
2026). Data were acquired for masses 3P, 39K, 45Sc, 47Ti,
51\/' 52Cr, 55MI’], 59CO, 60Ni, 85Rb, SSSI’, 89Y, QOZrv 93be
137R, 139 5 140Ce 141pp 146Ng 147Gy 153, 157Gq
159Tb, 163Dy, 165HO, 166Er, 169Tm, 172Yb, 175|_U, 178Hf,
18Ty, 208pp and 232Th. Minerals were ablated using a
circular spot size ranging from 40 to 85pum, this range
reflecting the maximum spot size the minerals targeted
could accommodate. Ablation was carried out in a helium
atmosphere at a repetition rate of 5 Hz with the laser energy
at the target (fluence) regulated at 5Jcm™2. Ablation
time lasted 40s with 10s intervals between analyses, which
was used to establish instrument background counts for
the measured species. The advantage of time-resolved
analyses is that signals can be monitored for the ablation
of inclusions. The trace element data reduction scheme
of the lolite v4 software (Paton et al., 2011) was used
for data reduction. Glass standard BIR-1G was used as
the primary calibration standard. Calcium was used as the
internal normalising element. Repeat analyses of BCR-
2G and BHVO-2G reference glasses were carried out over
the sessions to assess data quality (Tables S3 and S4).
Typical percent relative standard deviations (% RSD) for
most elements range from 6 to 10 % across all standards.
The calculated trace element abundances for the secondary
standards are within ~10 % of the certified values reported
within the GeoReM database (Jochum and Nohl, 2008) for
most elements, and within 5 % for rare earth element (REE)
abundances in BHVO-2G. Typical detection limits were less
than 100ngg~*.

2.3 Rb-Sr isotopes

Rb-Sr isotope analyses were carried out using the same
LA-ICP-MS instrument as used for trace element analyses.
A summary of the Rb-Sr analytical protocol is provided in
Table S5. Plagioclase, alkali feldspar, Ca-phosphate, and
Si-K-rich glass were ablated in a helium atmosphere using
a spot size of 50 um (40 pm for Ca-phosphate), a fluence
of 5Jcm™, and a repetition rate of 5Hz. Each analy-
sis lasted 60s (40s for Ca-phosphate) and was preceded
by a 30s counting time of the gas blank (background).
Initial tuning of the ICP-MS and mass calibration was
performed at the start of the analytical session in single
quadrupole and no gas mode by optimising the ion signals
during ablation of the NIST SRM 612 reference glass, while
maintaining 238U /?3?Th close to unity and minimising the
232Th160/232Th ratio (<0.2%).

To resolve the isobaric interference between 8 Rb and
87Sr, Srisotopes (8°Sr, &7Sr, 88Sr) were analysed as oxides
(192Sr0, 193510, 1%4S5r0). This was done using the ICP-
MS in triple quadrupole mode. In this mode, ions are
filtered through the first quadrupole and enter a collision-
reaction cell comprised of N>,O delivered at a flow rate
of ~0.16 mL min~! (corresponding to 15% on the fourth
mass flow controller of the Agilent 8900 ICP-MS) as Sr
reacts effectively with NoO (Hogmalm et al., 2017; Rosel
and Zack, 2022), while Rb does not. We analysed Rb on-
mass instead of 8'Rb to avoid isobaric interference with any
non-reacted 8'Sr, and used the natural 8"Rb/®°Rb ratio of
0.38562 to calculate 8 Rb abundances. Sensitivity obtained
on NIST SRM 612 (35 um raster, fluence of 5Jcm™2, and
repetition rate of 8 Hz) in triple quadrupole no gas mode
and with the addition of 0.16 mL min~! N»O in the collision
cell are reported in Table S5. All analyses with 8Sr®0O
intensities > 1.3 x 10° were filtered out as this is above the
ICP-MS pulse-to-analogue (P/A) factor threshold, which
cannot be tuned adequately in triple quadrupole mode.

For plagioclase, alkali feldspar, and Si-K-rich glass, we
used NIST SRM 612 as the primary calibration standard
for 87Sr/86Sr and 8"Rb/8°Sr ratios (using known ratios
of 0.709063 £ 0.000 020 and 1.160 + 0.015, 20; GeoReM
database; Woodhead and Hergt, 2001). Given that matrix
mismatch between the primary standard and the analyte
can result in significant Rb/Sr fractionation, we followed
the approach of Bevan et al. (2021) whereby, at the start
of each analytical session, we analysed plagioclase and alkali
feldspar from the well-characterised Shap Granite (Cumbria,
UK) to define an isochron. We then calculated a correction
factor to adjust the measured 8"Rb/8°Sr values until the
resulting isochron date matched the known age for Shap
(394 £ 4 Ma, 26; Wadge et al., 1978; Pidgeon and Aftalion,
1978; Rundle, 1982). The resulting adjustment factors were
then applied to all feldspar 8" Rb/2%Sr values.

To assess data quality, repeat analyses of reference glass
BCR-2G (n = 50) and alkali feldspar pressed pellets (n = 80)
FK-N and NIST SRM 70A (distributed by the CRGP and
NIST, respectively) were carried out over the analytical
campaign; our average 8"Rb/26Sr and 87Sr/8Sr ratios are
within uncertainty of previously reported data (Table S6;
Figs S2 to S4). Percent relative standard deviation (% RSD
at 2a) for 87Sr/®Sr was 1.4 % for BCR-2G and SRM 70A,
and 1.6 % for FK-N. For 8Rb/®®Sr, the % RSD was 5.3 %
for BCR-2G: 9.4 % for FK-N; and 13.4 % for SRM 70A. The
larger spread of measured 8 Rb/®%Sr ratios for the two FK-
N and SRM 70A alkali feldspar pressed pellets likely reflects
sample 8"Rb/8°Sr heterogeneity (Nebel and Mezger, 2006;
Jegal et al., 2022; Redaa et al., 2023). Redaa et al. (2023)
reported a similar % RSD (8.6 %) for their 8"Rb/8°Sr LA-
ICP-MS/MS analyses of FK-N. We agree with Redaa et al.
(2023) that these pressed pellets of feldspar are not suitable
as primary calibration standards for in situ Rb/Sr dating.
To further validate our analytical protocol, we analysed
four terrestrial granites as unknowns, with published Rb-
Sr ages ranging from 570 to 1632 Ma. Details of these
samples are reported in the Supplementary Materials. For
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these samples, we obtained Rb-Sr isochron dates consistent
with their literature-reported ages (see Supplementary Text,
Section S2). The full results of these analyses are reported
in Table S7.

For Ca-phosphate analyses, we used BCR-2G as the
primary calibration standard (using a known &7Sr/8Sr of
0.705003 £ 0.000 080, 26; GeoReM database). To assess
data quality, repeat (n = 8) analyses of reference apatite
MRC-1 (Hou et al., 2013) and Durango (Apen et al., 2022)
were carried out over the analytical campaign; our average
87Sr/85Sr ratios are within 2a of previously reported data
(Table S6). Percent relative standard deviation (% RSD
at 2c) for 87Sr/8Sr was 0.8 % for Durango and 0.9 % for
MRC-1. Details of the analytical protocol are provided in
Table S5 (column labelled session 8).

2.4 U-Pb and Pb isotopes

U-Pb and Pb isotopes were measured by secondary ion mass
spectrometry (SIMS) using a Cameca IMS-1280 ion micro-
probe at the NordSIMS facility, Swedish Museum of Natural
History, using analytical protocols similar to those in previous
studies (e.g. Snape et al., 2016; Oliveira et al., 2025). A
~7-20nA primary oxygen (O27) ion beam was generated
using an Oregon Physics Hyperion H201 radio-frequency
plasma source. Prior to each measurement, an area of
20 um x 20 pm was rastered for 50s, which removed the
carbon coating and minimised surface contamination. Care
was taken for each analysis to ensure spots were isolated
from adjacent material and cracks within the sample.

For the Pb isotope analyses, the magnetic field was
regulated using a nuclear magnetic resonance field sensor.
Isotopes 204Pb, 206Pb, 297Ph, and 2°8Pb were collected
simultaneously on four low-noise (< 0.01 counts per second)
electron multipliers. Background counts for each detector
are reported in Table S8. For the U-Pb analyses, the Pb
isotopes were collected using four electron multipliers as
described above. Additionally, the magnetic field was varied
such that an electron multiplier could be used to measure
secondary ion beam intensities in a mass-switching sequence,
which included matrix peaks for apatite (*°Ca3'P160,4*), as
well as 238u+v 232Th160+, 238ul6o+, and 238ul602+_

To correct for instrumental mass fractionation and detec-
tor relative gain calibration, reference standards were anal-
ysed alongside our unknowns. Here, we used analyses of the
USGS reference material BCR-2G (?°°Pb/2%4Pb = 18.750,
207pp /204ph = 15.615, 2%8Ph/204Pb = 38.691; Woodhead
and Hergt, 2000). Across the whole analytical session,
reproducibility for BCR-2G was 0.18 % for 207Pb/204Pb,
0.51 % for 2°6Pb/?%4Pb, and 0.47 % for 2%®Pb/?%4Pb (Ta-
ble S8; Fig. S5). For the gain correction, we divided the
stated literature values by the corresponding average of
each ratio obtained from all the BCR-2G analyses on a
given day and multiplied the unknown measurements by the
resulting correction factor. Measurements of the MPI-DING
reference glass T1-G were also made and corrected using
the same procedure as for the unknowns. The corrected
T1-G values are all within 1.5 % of the recommended values
(Jochum et al., 2011). For U-Pb measurements, sample Pb-

U ratios were calibrated against the 2040 Ma BR5 apatite
reference material with a 2°°Pb/294Pb ratio of > 1000 and
U concentration of 68ugg™! (Kennedy et al., 2023) using
a power law relationship between measured 2°°Pb* /U and
UO/U. Data were processed using the using a suite of data
reduction spreadsheets produced by Martin Whitehouse at
the NordSIMS facility. The full results of these analyses are
reported in Table S8.

2.5 Raman spectroscopy

Raman spectroscopy was carried out using a Horiba XploRA
PLUS confocal Raman microscope at the University of
Manchester. Spectra for silica were collected in spot analysis
mode using a 532 nm wavelength laser and a 50x working
distance objective to condense the laser beam down to
~1um. We measured a Raman Stokes shift range from
50 to 1300cm~!, with a spectral resolution of ~1cm™.
Spectra were background-corrected using the instrument
software and compared with standard spectra for quartz,
cristobalite, tridymite, and K-feldspar (orthoclase) from the
RRUFF database (Downs and Denton, 2006). Background-

corrected data are presented in Table S9.

3 Results

3.1 Petrography
Granitoids

Clasts and soil fragments investigated here range from
~200pm to ~1 mm in size. Due to these small sizes, it
is difficult to assess the extent to which the textures of
individual fragments are representative of the rocks from
which they were sourced. However, taken as a group,
several common textural features can be observed (Fig. 1).
Except for sample 12013,13, the granitoids studied here
have crystal sizes > 100 pm, comprising silica (quartz and
cristobalite have been identified, see Section 3.2), alkali
feldspar, glass, and areas of micrographic intergrowths of
alkali feldspar and silica (i.e., granophyre textures; e.g.,
Fig. 1b, c). Due to its fine-grained texture, sample 12013,13
has commonly been termed ‘felsite’ in the literature (Quick
et al., 1982; Seddio et al., 2013). This sample is unique
within breccias collected at the Apollo 12 landing site, and
as such has been extensively described (e.g., Albee et al.,
1970; Quick et al., 1982; Valencia et al., 2024). Briefly,
this is a polymict breccia consisting of a glass that has
elevated REE concentrations relative to the mafic and
‘felsic’ components that dominate the matrix (Fig. S1,
Supplementary Materials). Samples 14305,111, 14303,330,
14304,209, and 14305,102 also contain Si-K-rich glass.
Within sample 14305,111, the Si-K-rich glass mantles
the granitoid clast and contains a large (> 200 um) relict
cristobalite grain (Fig. 1h). Within sample 14305,102, a
Si-K-rich glass patch is present within the host breccia
matrix, containing numerous relict silica grains (Fig. 1e).
Similarly, sample 14303,330 contains numerous Si-K-rich
glass patches that contain relict silica, plagioclase, and
K-feldspar (Fig. 1d). These glass patches have irregular
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boundaries with the adjacent breccia matrix, filling gaps
between grains and, in some cases, incorporating matrix
minerals along the margins of the glass. Sample 14304,209
contains a ~700 um patch of glass with a large (> 200 pm)
relict silica grain (Fig. 1I). In contrast to 14305,102 and
14303,330, this glass patch has well-defined edges with its
adjacent breccia matrix. Additionally, cracks or fractures
within the glass are filled with pyroxene veins 10 to 20 pm
wide. These might represent brittle fractures that have
been subsequently filled by mafic melt. In contrast, sample
12013,13 does not contain Si-K-rich glass. Rather, we note
that the felsic portion (characterised by needle-shaped silica
set within K-feldspar) is texturally similar to the occurrence
of Si-K-rich glass described in the samples above. That is,
the felsic region forms a large irregular patch that surrounds
larger (>1mm) clasts within the thin section (Fig. 1j),
and in some cases incorporates matrix minerals that are
chemically consistent with alkali suite compositions (Fig. 1k).
Within the felsic regions some larger (> 100 um) rounded
silica grains are present that could represent relict grains
from a precursor granitoid.

Reported accessory phases for Apollo granitoids
commonly include Ca-phosphates (apatite and merrillite)
and zircon (Meyer et al., 1996; Seddio et al., 2013). Within
the samples investigated here, small (< 10pm) zircon
and Ca-phosphates are present in 14305,102 and NWA
4472, whereas only Ca-phosphates are observed in samples
73255,9083 and 14305,111.

Alkali gabbronorites

This rock type is present in samples 14304,278 and
12013,13 as large (> 1 mm) clasts within breccias (Fig. 1m
and Fig. S1), whereas 14313,70 and 67975,9011 consist
of small <500 pm fragments within a coarse soil sample
sub-split (Fig. 1n,0). Section 14304,278 contains three
breccia chips. Clasts and fragments investigated here are
made up of plagioclase and pyroxenes that range in size
from ~200 to ~750pum. All samples except 12013,13
display accessory silica, alkali feldspar, and Si-K-rich glass
that occurs along plagioclase and pyroxene grain boundaries.
For the samples investigated here, 14313,70 contains
Ca-phosphates, and samples 14304,278 and 12013,13 both
contain Ca-phosphates and zircon.

3.2 Major and trace element chemistry

Major and trace element systematics for all mineral phases
and glass are reported in Tables S10 and S11. The composi-
tions of plagioclase in the granitoids and alkali gabbronorites
span similar An (molar Ca/[Na+Ca+K]) contents of 49.5
to 90.1 and 53.7 to 93.1, respectively (Fig. 2). For all
samples except 14313,70, Cl chondrite-normalised (Anders
and Grevesse, 1989) plagioclase REE patterns (Fig. 3a,b)
display strong LREE enrichments ([La/Sm]¢ = 2.6 to 15.2)
and have positive Eu anomalies (Eu/Eu*) that range from
5.35 to 114. Sample 14313,70 has a plagioclase with higher
REE abundances than all other samples reported here (e.g.,
Ndc) = 69.4 and Dyc) = 31.2 vs. an average of Nd¢) = 11.0
and Dyc = 4.1 for other samples). Additionally, plagioclase

in this sample displays a flatter LREE profile ([La/Sm]¢| =
1.4) and a smaller Eu anomaly (Eu/Eu* = 2.51) than all
other plagioclase reported here.

The alkali feldspar compositions reported across all sam-
ples are K-rich with Or contents (molar K/Na+Ca+K) > 95,
except in 12013,13, which has Or contents from 70 to 80,
reflecting a higher Na content (Fig. 2). Notably, the alkali
feldspars extend to high BaO abundances, ranging from
0.54 to 5.3wt% BaO (Table S8). The REE patterns of
alkali feldspar are characterised by a strong enrichment of
the LREEs relative to chondrite abundances ([La/Sm]c| =
4.2 to 62), pronounced positive Eu anomalies (Eu/Eu* =
276 to 968), and depletions of MREE and HREE relative
to plagioclase (Fig. 3c).

Most samples (14304,278, 12013,13, 14305,111;
14305,102, 72275,520, 67975,9011, 14303,330, and
73255,9083) display so-called ternary feldspar compositions
that lie within the miscibility gap of the albite-anorthite-
orthoclase (Ab-An-Or) system (Fig. 2). Such compositions
have previously been documented in other Apollo granitoids
(Ryder et al., 1975; Simon et al., 2020; Valencia et al.,
2024; Erickson et al., 2024), and potential causes for their
genesis are discussed in Section 4.1.2. These feldspars
display REE patterns similar with those in plagioclase
(Fig. 3d), despite being in some cases significantly more
K-rich (up to Orgg) and, therefore, more similar in major
element composition to alkali feldspars. Both plagioclase
and alkali feldspar display positive Yb anomalies (except in
sample 14313,70). Ternary feldspars range from positive
Yb anomalies to no enrichments in Yb relative to other
HREE. Such a signature has been reported in plagioclase
in other lunar highland lithologies (e.g., Haskin et al,,
1982; Pernet-Fisher et al., 2024) and likely indicates the
incorporation of Yb?" over Yb3* into feldspar due to the
low O, (<IW —=1) typically recorded in lunar magmatic
systems.

All Apollo alkali gabbronorites investigated here contain
both low-Ca and high-Ca pyroxene. Additionally, orthopy-
roxene is reported in sample 14304,278 (Table S8; Fig. 4).
Pyroxene Mg# (molar Mg/[Mg+Fe]) across the samples
investigated here ranges from 63.8 to 76.8. Mineral phases
within alkali gabbronorite clasts have chemistry that is
distinct relative to other highland lithologies (i.e., Mg-
suite and ferroan anorthosites). This is evident on plots of
plagioclase An content vs. Mg# in mafic minerals (Fig. 5),
where the studied clasts are consistent with high alkali suite
compositions.

Tables S10 and S13 report the major and minor element
chemistry of silica polymorphs. Notably, Al,Os, FeO, and
TiO, extend to abundances >0.1wt%, similar to values
reported for Apollo 12 granitoids (Seddio et al., 2015). Ra-
man spectra were used to establish which silica polymorphs
are present within the Apollo granitoid samples (Table S9,
Fig. S11). Quartz is present in all samples except for
14305,111, which contains a large (~200 pm) cristobalite
grain that does not form part of the quartz/feldspar gra-
nophyric intergrowth (Fig. 1h).
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G /3255 9083

/

Figure 1. Back-scattered electron images and EDS false-colour element maps showing representative textures and
minerals in the granitoid clasts investigated for this study. Colour scheme for combined element maps is: Mg = green, Al
= white, Si = blue, K = cyan, Ca = yellow, Ti = pink and Fe = red. Plag = plagioclase; pyx = pyroxene; k-spar =
K-feldspar; SiO, = silica. (continued overleaf)
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14304,209

Figure 1. (continued)

There are two types of glass (where glass is defined
as amorphous regions that are isotropic when observed in
thin section under cross-polarised light). The first type is
compositionally within range of the plagioclase and alkali
feldspar compositions reported here; however, the calculated
stoichiometry is not quite correct for feldspars (i.e., total
cations of 4.9 rather than 5.0 per 8.0 oxygens). On a
per-analysis basis, this reflects lower Na and K relative to
stoichiometric feldspars. The second type is compositionally
distinct from the mineral phases within these rocks. It
displays high SiOs (67.0 to 79.5wt%) and K,O (6.99
to 12.94wt%) abundances, so we refer to this glass as
Si-K-rich glass. The composition of this glass is distinct
from the reported major element bulk-rock compositions
of most Apollo granitoids and is similar to the K-rich glass
reported within mare basalt mesostasis regions and as melt
inclusions within minerals (Potts et al., 2016; Zeng et al.,
2020; Roedder and Weiblen, 1970; Pernet-Fisher et al.,

KT

67975,9011

2014, Fig. 6). In general, the Si-K-rich glasses from both
the granitoids (red symbols) and alkali gabbronorites (purple
symbols) overlap in composition. However, there are some
differences: glass from the alkali gabbronorites extends to
lower K>O and BaO and higher TiO, and Al,O3 abundances
for a given SiO, abundance (Fig. 6).

These glasses are typically enriched in incompatible el-
ements (REE abundances ~100x chondrite; Fig. 3e, f).
Glass in sample 14304,209 has REE abundances that are
within the range of high-K KREEP (Warren, 1989). How-
ever, whereas high-K KREEP has a depletion of HREE with
increasing atomic number relative to chondrite abundances
([Dy/Yb]c = 1.2), both 14304,209 and 14305,102 display
enrichments in HREE with increasing atomic number rela-
tive to chondrite abundances ([Dy/Yb]¢ = 0.52 to 0.89).
This pattern is commonly referred to as V' shaped and
is reflected in bulk-rock REE profiles for Apollo granitoids
(Warren et al., 1987). No REE data for Si-K-rich glass from
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Figure 2. Or-Ab-An feldspar ternary plot for a) alkali gabbronorite clasts and b) granitoid clasts. The miscibility gap is for
melts at temperatures of 1000 °C and 1100 °C at 1 kbar (~25km lunar crustal depths; Fuhrman and Lindsley, 1988). At

lower pressures, the feldspar stability field would get smaller.

mesostasis regions are available for comparison; however,
LREE abundances for Si-K-rich glass inclusions within zir-
cons are significantly lower (Cec) = 3.86; Zeng et al., 2020).
Apollo granitoids have some of the highest bulk-rock Th
abundances reported from lunar lithologies (up to 66 ugg=!:
Papike et al., 1998), resulting in [Th/Sm]c; values higher
than high-K KREEP (K-KREEP = 2.2; Warren, 1989), the
cause of which remains enigmatic (Korotev et al., 2003;
Pernet-Fisher et al., 2024). The Si-K-rich glass reported
here displays [Th/Sm]c; within the range of reported bulk
rock ratios, extending from 5.4 to 41.

3.3 Rb-Sr geochronology

Plagioclase, alkali feldspar, and Si-K-rich glass (when
present) were targeted for Rb-Sr isotope analysis. Results
are reported in Table S12. Isochron dates were calculated
using the IsoplotR programme (Vermeesch, 2018) and are
summarised in Figures 7, 8, and 9 and Table 1. We used
the 8 Rb decay constant reported by Villa et al. (2022).
All reported uncertainties are 2. In some cases, the
MSWD for the calculated isochrons is >2, potentially
indicating isotopic disturbances in the phases analysed.
The implications of this are discussed in Section 4.3.

For granitoid samples NWA 4472, 72275,520, 73235,73,
73255,9083 and alkali gabbronorite sample 14304,278,
isochrons were plotted using plagioclase and K-feldspar
analyses. Dates of 4140+ 104 Ma, 4011 + 157 Ma,
3661 + 236 Ma, 3766 + 155 Ma, and 3731 + 649 Ma were
calculated for each sample, respectively (Figures 7 and 8).
Sample 14304,209 (that consists of only Si-K-rich glass)
yields a date of 4442 £ 63 Ma, and alkali gabbronorite
sample 67975,9011 vyields a maskelynite/Ca-phosphate

date of 3940 + 188Ma (Figure 8). Isochrons from all
these samples yield initial Sr isotope ratios (87Sr/%°Srq)
that either fall within the uncertainty of, or exceed,
the isotopic growth curve from the lunar initial value
(87Sr/86Sr > 0.698970; Taylor, 1982).

For granitoid samples 14305,111, 14303,330, and
14305,102, both plagioclase and K-feldspar (blue symbols
in Fig. 9) and Si-K-rich glass (red symbols in Fig. 9)
were measured for Rb-Sr isotopes. Figure 9 displays both
the plagioclase/K-feldspar isochrons (black lines) and
Si-K-rich glass isochrons (red lines). For sample 14303,330,
the date calculated from the plagioclase/K-feldspar
isochron (3997 + 130Ma) is within the uncertainty of
the date calculated from the Si-K-rich glass isochron
(3965 + 45Ma). For samples 14305,111 and 14305,102
plagioclase/K-feldspar isochrons yield younger dates
than those calculated from the Si-K-rich glass isochrons
(3551 + 129 Ma vs. 4005+ 83Ma for 14305,111 and
3523 + 337 Ma vs. 4237 = 92 Ma for 14305,102). Notably,
for all three samples, the Si-K-rich glass isochrons yield
initial Sr isotope ratios that are consistently lower than
those yielded by the plagioclase/K-feldspar isochrons
(Table S12, Fig. 9). If the Si-K-rich glass isochrons are
anchored using the initial Sr isotope ratio calculated using
the plagioclase/K-feldspar isochrons, the resulting dates
are within 26 of the unanchored Si-K-rich glass dates
(Fig. S13). The potential causes for the differences between
the Si-K-rich isochron dates vs. plagioclase/K-feldspar
isochron dates are explored in Section 4.3.
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Figure 3. Cl chondrite-normalised REE abundances for plagioclase (a,b), alkali feldspar (c), ternary feldspar (d), and
Si-K-rich glass (e,f). Chondrite normalising values from Anders and Grevesse (1989). Literature Apollo granitoid bulk rock
values from Seddio et al. (2013) and references therein; high-K KREEP values from Warren (1989).

3.4 Pb-Pb geochronology

All U-Pb and Pb-Pb data are reported in Table S8 and are
summarised in Table 1. All reported uncertainties are 2G.
In many crystalline igneous lunar samples, Pb-Pb isotopic
compositions of minerals such as plagioclase, K-feldspar,
and glass can be interpreted as mixtures between three
components: (1) an initial Pb component (the Pb isotope
composition of common Pb at the time of crystallisation);
(2) a radiogenic Pb component that is result of radiogenic
growth from the initial Pb; and (3) terrestrial contamination
introduced during sample preparation, coating, and handling
(Snape et al., 2016). This assumption is valid provided that
the Pb in a sample was derived from a single magmatic

source and was not lost due to, for example, heating of the
rock. In this case, analyses in 297Pb/2%°Pb vs. 294Pp /200Ph
space will plot within a triangular mixing array defined by
these three components, the isochron being defined by the
tie-line between the initial and radiogenic Pb components
(i.e. the left-hand edge of this mixing array). This method
for defining a Pb-Pb isochron is well established and has
been detailed previously (e.g. Snape et al., 2016, 2019; Che
et al., 2021; Li et al., 2021; Snape et al., 2024; Joy et al.,
2024).

We follow the approach of Snape et al. (2016), filtering
data with the highest 2%4Pb/?%°Pb values to define a series
of analyses that likely reflect the left-hand edge of such
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Table 1. Summary of dates reported (in Ma). Uncertainties are 2. *maskelynite/k-spar date.

plag/K-spar/glass dates

phosphate dates

plag/K-spar dates Si-K-rich glass dates

Sample Pb-Pb + MSWD  Pb-Pb + MSWD  Rb-Sr + MSWD Rb-Sr  + MSWD
Ma Ma Ma Ma Ma Ma Ma Ma
Granitoids
14305,102 3956 19 1.6 3523 337 1.3 4237 92 2.2
14303,330 3918 18 1.2 3997 130 3.4 3965 45 13
14304,209 4433 64 1.4
14305,111 3551 129 4.7 4005 83 2.1
73235,73 3605 223 0.78 3661 236 1.8
73255,9084 3735 45 1.22
73255,9083 3889 107 1.5 3766 155 4.1
72273,520 4011 157 29
NWA 4472 4140 104 2.9
Alkali gabbronorites
67975,9011 3566 3 1.7 3940* 188 1.3
14304,278 3915 11 0.53 3731 649 0.41
14313,70 3939 11 0.18
. @ 12013,13
= 1007 A 679759011
Y _ H
Bye P 90| [ 14313,70 Mg-suite
A 679759011 [ 14304,278
14313,70
[ 14304,278 ()
c 80t 1
)
X
AN o 7ot _
X >\
% .o@% a
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Figure 4. Pyroxene quadrilateral for the Apollo 12, 14, and S ' = :
16 alkali gabbronorite samples. 50r — A 1
40+ . - 1
high alkali suite
a mixing array (Pb isotope ratios are plotted in Figs 10
. 30 . . . .
and 11). The regression through these analyses can then 50 60 70 80 90 100

be used to calculate a date for each sample. However, it
is important to note that the complicated nature of the
granitoid samples studied here (i.e., petrologic indications of
impact modification) together with their small size limiting
the number of analyses that could be measured per clast,
raises the distinct possibility that the left-hand edge of the
mixing array may not represent a true sample isochron.

In many cases our analyses display a spread of
204pp /206ph - (Figs 10 and 11), likely reflecting
contamination by modern terrestrial Pb (Stacey and
Kramers, 1975). Therefore, it is important to note that
the analyses used to define the left-hand mixing array could
still reflect a Pb isotope composition affected by terrestrial
contamination, which would result in an inaccurate date.
This is particularly the case for samples where the clast
size was such that only relatively low numbers of analyses
could be made (e.g., n < 10; 73255,9084 and 14305,102).
Additionally, if Pb loss had occurred and the isotope system
were reset (either partially or fully) then the most radiogenic
Pb isotope composition measured (i.e., with the lowest
204pp /206ph and 297Pb/2%°Pb) would provide a lower limit

An plagioclase

Figure 5. Average Mg# in pyroxene vs. An in plagioclase
for Apollo alkali gabbronorites. Bars represent the min and
max range of An and Mg# values observed in each clast.
Blue representing the range of compositions for highland
lithologies are from Yamaguchi et al. (2010).

for the original crystallisation age of the rock and an upper
limit for the time at which the Pb loss occurred. For
example, if an analysis yields a radiogenic 2°"Pb/?%°Pb
ratio equating to a 2°”Pb/2%°Pb date of 3922 Ma (i.e., the
date interpreted to be the Imbrium basin-forming event),
then the rock must have crystallised by this time, and any
impact that reset the isotope system in the sample could
not have occurred any earlier.

Table 1 reports the Pb-Pb isotope dates for the samples
using the method described. Given the potential complica-
tions identified above and assuming the samples studied here
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Figure 6. K,O, TiO5, Al,O3 and BaO vs. SiO, for Si-K-rich and feldspar glass (red and purple circles). For context,
chemistry of Apollo granitoid mineral phases are plotted: pyroxene — green circle; alkali feldspar — cyan circle; plagioclase —
grey circle; silica — blue circle. Black symbols and white symbols are reported bulk rock analyses for Apollo granitoids
(Seddio et al., 2013). Only six fragments have had SiO, measured directly (white symbols). The SiO, for the remaining
samples is estimated using the correlation between TiO, and SiO, (see Fig. S12). Yellow symbols represent the
composition of silicate liquid immiscible (SLI) Si-rich glass in lunar magma ocean (LMO) crystallisation experiments
(Zhang et al., 2024). The grey fields represent the range of mesostasis glass compositions in mare basalts (Roedder and
Weiblen, 1970, 1971; Warner et al., 1978; Pernet-Fisher et al., 2014; Potts et al., 2016; Zeng et al., 2020). High

K-KREEP value is from Warren (1989).

reflect a single-stage U-Pb history, these dates represent our
best estimate for the Pb-Pb isotope ages of these samples.

Samples yield a range of dates from 3918 = 18 Ma to
3566 + 3Ma. The most robust regression is identified for
14303,330 (Fig. 10a; 3918 £ 18 Ma; MSWD = 1.2; n =
30). By contrast, the regressions identified for samples
73255,9083, 73255,9084 and 73235,73 are poorly defined,
comprising only three or four points each. However, it is
notable that these samples yield Pb-Pb dates that are within
the uncertainty of the equivalent in situ Rb-Sr dates reported
above (Table 1). Plagioclase analyses from 14305,102
display strong terrestrial Pb contamination with five analyses
defining a clear mixing trend between our calculated isochron
and terrestrial Pb (Fig. 11a). This means it is not possible to
robustly calculate a plagioclase/K-feldspar date. A regres-
sion through the left-most analyses for sample 14305,102
yields an intermediate age (3956 + 19 Ma) between the in
situ Rb-Sr plagioclase/K-feldspar (3523 + 337 Ma) and Si-

K-rich glass (4237 + 92 Ma) dates (Fig. 11b). Out of a total
of 22 feldspar analyses in alkali gabbronorite 67975,9011
(Fig. 10d), a robust regression is defined by 19 points
(MSWD = 1.4). The remaining three points plot to the
right of this line and are filtered out due to likely terrestrial
contamination. If taken to represent an isochron, this
regression would indicate a date of 3567 + 3 Ma.

No meaningful date was calculated for sample 12013,13
(Fig. 12d). While this sample displays analyses that trend
towards terrestrial Pb isotope compositions, the left-hand
edge of the mixing triangle forms an isochron that is older
than the age of the Solar System (Fig. 12d). As noted
previously, this sample consists of a number of different
clasts. Each of these clasts may have its own, distinct
Pb isotope mixing triangle with terrestrial Pb. Therefore,
our analyses could reflect a mix of multiple different Pb
components associated with each clast, rather than the
assumed three-component mixture of the felsic area. Given
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that the felsic area is interpreted to represent an impact
melt, it may have incorporated Pb from other lithologies
within the same sample.

3.5 U-Pb geochronology

Alkali gabbronorite clasts in samples 14304,278 and
14313,70 contain apatite sufficiently large to be targeted
for U-Pb isotope analysis. These datasets are reported in
Table S8 and summarised in Table 1. Following the gain
corrections of the Pb isotopes and calibration of Pb-U
ratios against the BR5 standard, the apatite U-Pb analyses
were corrected for the presence of Pb not derived from the
in situ decay of U in the apatites. Two alternative sources
of such Pb were considered: (1) terrestrial contamination
(e.g. modern terrestrial Pb as modelled by Stacey and
Kramers, 1975); and (2) lunar initial Pb (as represented
by the least radiogenic composition measured in the other
Apollo 14 samples, from a feldspar in 14303,330). By
performing two separate corrections, assuming 100 % of
one or other of these sources, upper and lower estimates
were obtained for the radiogenic isotope compositions of
the apatites, both of which are reported in Table S8. When
plotted in 2°7Pb/?9Pb vs 2%4Pb/26Ph coordinate space

(Fig. 12a, b), the uncorrected 14313,70 apatite analyses
trend towards modern terrestrial Pb compositions and
display little evidence of a contribution from lunar initial Pb
(Fig. 12a). By contrast, the 14304,278 apatite analyses
appear to trend towards the lunar initial Pb values indicated
by the Pb isotope analyses of the other Apollo 14 and
Apollo 17 samples, suggesting that the lunar initial Pb
correction is more appropriate (Fig. 12a,b).

The four apatite analyses from 14313,70 yield a mean
concordia intercept date of 3954 + 15Ma (MSWD = 240;
Fig. 12c). However, three of these analyses are reverse
discordant (7-38 %), likely due to the uneven surface of
this sample mount. As has been discussed previously (Snape
et al.,, 2016), Pb isotope ratios will be less affected by
such analytical artefacts, therefore 2°"Pb/?%°Pb dates likely
provide a more reliable age indication for such discordant
analyses. The modern terrestrial Pb-corrected 2°"Pb /2%°Pb
dates yield a weighted average of 3939 + 11 Ma (MSWD =
0.18; p = 0.83; Fig. 12e). Due to variable and relatively
high 294Pb /2%6Pb ratios in the sample (compared to typical
apatites; e.g. those discussed below in 14304,278), a lunar
initial Pb correction results in two younger 297Pb/?%Pb
dates with very large uncertainties (3155 + 834 Ma and

Pernet-Fisher et al. (2026) Adv. Geochem. Cosmochem. 2(1): 771, https://doi.org/10.33063/agc.v2i1.771 12


https://doi.org/10.33063/agc.v2i1.771

Impact resetting of the U-Pb, Pb-Pb, and Rb-Sr chronometers in the 4.3 Ga lunar granitoids

a) 2 1 73255,9083 " b) Feldspar Glass
age: 3766 + 155 Ma (n=9) 2
87Sr/855r0 = 0.6960+ 110
MSWD =4.1
3 2
o
S
wn
g
= Ry
B E - s
0
<
~ lagioclase & (< 67975,9011
S plag ’
K-feldspar age: 3940 + 188 Ma (n=17)
87Sr/B"Sr0 = 0.6992 + 41
Plag and K-spar ’ MSWD=1.3
T T T T T T T T T T T T
0 1 2 3 4 5 6 Glass 0 0.5 1.0 1.5 20 25
C) :: | Si-K—g|aSS Ca phosphate [
< ]
m
n |
- N
wn
3
} o
N
(=]
v |
- 14304,209
age: 4433 £ 64 Ma (n=9)
o | 87Sr/s"’Sr0 = 0.6994 + 78
- MSWD =14
T T T T
10 20 30 40
87Rb/%Sr

Figure 8. a) Plagioclase and K-feldspar 87Sr/8Sr vs. 8"Rb/85Sr isochrons for sample 73255,9083. b) Feldspar glass
(maskelynite) and Ca-phosphate 87Sr/86Sr vs. 8Rb/8Sr isochrons for sample 67975,9011. c) Si-K-rich glass 87Sr/80Sr vs.
87Rb /8 Sr isochrons for sample 14304,209. Note that axis scales are different in each plot. Uncertainties are 2.

3106 = 723 Ma; Fig. 12e), and a geologically implausible
date (Fig. 12e). Taken together with the lack of evidence
for a lunar initial Pb contribution, the modern terrestrial Pb-
corrected dates 2°"Pb/2%6Pb (3939 + 11 Ma) are considered
to be more likely to be accurate.

Two apatite analyses from 14304,278 are slightly reverse
discordant (7% and 9%). When corrected for modern
terrestrial Pb, six concordant analyses from 14304,278 yield
a concordia intercept date of 3921+ 10Ma (MSWD =
1.7, p = 0.11; green ellipses in Fig. 12d), whereas two
analyses constrain an older intercept date of 4042 + 92 Ma
(MSWD = 1; p = 1; red ellipses in Fig. 12d). While this
discrepancy may reflect varying degrees of resetting in the
U-Pb system (see Section 4.3) it is notable that applying
a lunar initial Pb correction pulls these two apparent age
groups together. The lunar initial Pb corrected values for
all ten analyses yield a weighted average 2°"Pb/?%Pb date
of 3915+ 11 Ma (MSWD = 0.53; p = 0.85; Fig. 12f).

4 Discussion

Prior to assessing whether dates for the granitoid and alkali
gabbronorite samples reported here (and in the literature)
represent crystallisation ages, we must first assess the
extent to which granitoids have been affected by secondary
processes such as impact shock modification. This is critical,
because such processes can act to modify the isotope system
from which dates are calculated. It is only by using our
best estimate of crystallisation ages, together with the
geochemical constraints of mineral and bulk-rock chemistry,
that we can assess the likely geologic setting that resulted
in the formation of granitoids.

4.1 Evidence for shock modification

4.1.1 Feldspar Glass

The clasts investigated here display textural evidence of mod-
ification by shock-induced increase of temperature/pressure.
Granitoid samples 73255,9083, 73255,9084, and alkali gab-
bronorite sample 67955,9011 contain glass with composi-
tions indistinguishable from plagioclase/alkali feldspar (red
open circles; Fig. 6). These glasses likely represent the
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shock transformation of plagioclase/alkali feldspar to a
glass phase. Shock pressure experiments indicate that
plagioclase converts from crystalline to amorphous glass
(i.e., maskelynite) at pressures of >20 GPa (Stoffler et al.,
1986; Bischoff and Stoffler, 1992; Fritz et al., 2017; Jaret
et al., 2015). In the studied samples, the shock modification
process that triggered crystal lattice transformation to glass

appears to be very localised, as crystalline feldspar is also
present within the same thin sections (Table S10). We note
that maskelynite is defined as the shock transformation of
feldspar without changes to chemistry or morphology (Binns,
1967). Therefore, these glasses are not maskelynite (or its
alkali equivalent) sensu stricto, due to a small stoichiometric
difference with crystalline feldspar (4.9 total cations per
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formula unit; Table S10). Such non-stoichiometric ‘maske-
lynite' is commonly reported from Martian volcanic rocks
where shock transformation of plagioclase is near-ubiquitous
(e.g., Mittlefehldt, 1994; Scott et al., 1997; Greenwood
and McSween, 2001) and has also been reported in other
Apollo granitoids (Simon et al., 2020). The stoichiometric
difference with feldspar reflects a total of 0.9 for the A-site
cations (Na + K + Ca + Ba), despite their near 100 wt%
oxide totals and T-site (Si + Al) cation totals of 4.0. Older
plagioclase analyses with reported A-site deficiencies were
argued to reflect Na loss during electron probe microanalysis
(EPMA; e.g., Ruzicka, 1995). To mitigate this effect, a
defocused EPMA beam is commonly employed. Although
we cannot categorically rule out that the A-site deficiency
reported here is an analytical artefact, the high temperatures
associated with the generation of impact melts also make
it difficult to exclude volatilisation of Na and K, during or
following the formation of maskelynite, as the cause.

4.1.2 Ternary feldspar

Some feldspar compositions fall within the miscibility gap
when plotted onto the feldspar ternary diagram (Fig. 4).
While there is some evidence that increased Ba contents of
feldspar will act to increase the stability field of feldspars
(Morgan and London, 2003), the compositions reported
here should not be thermodynamically stable at any pressure
(Ghiorso, 1984). Erickson et al. (2024) demonstrated that
similar ternary feldspars can have sub-microscopic (i.e.,
<10 nm) textures consistent with spinodal decomposition
(i.e., whereby a mineral phase spontaneously exsolves into
two phases). Spinodal decomposition of alkali feldspar
is common in terrestrial granites during slow cooling and
results in greater than micron-scale perthitic textures (e.g.,
Petrishcheva et al., 2020). Some perthitic textures have
been documented in Apollo 17 granitoids (Ryder et al.,
1975) but are absent from the samples investigated here.
Impact melting of plagioclase and alkali feldspar could result
in a melt with a composition that falls within the feldspar
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miscibility gap; if such a melt then experienced undercooling,
this would act to preserve this metastable composition
(Erickson et al., 2024). It is unclear if this process is linked
to shock; however, given the occurrence of Si-K-rich impact
glass (see below), this is the most likely explanation.

4.1.3 Si-K-rich glass

Si-K-rich glass regions within these samples have higher K
abundances than Apollo granitoid bulk rock compositions
(Fig. 6a). Rather, the Si-K-rich glass is more similar to the
range of compositions found within mare basalt and KREEP
basalt mesostasis regions (Fig. 6). Mesostasis represents
the residual liquid during the final few percent crystallisation
of a basaltic liquid, normally occurring as small (< 100 ym)
regions between the main rock-forming minerals (Potts
et al., 2016; Pernet-Fisher et al., 2014). However, the
Si-K-rich glass observed here is not texturally consistent
with mare basalts mesostasis (see textural description of
Si-K-rich glass in Section 2).

The occurrence of Si-K-rich glass in granitoids has been
interpreted to represent impact melt derived from melting
precursor felsic rocks (Ryder et al., 1975; Shervais and
McGee, 1999; Grange et al., 2009; Barboni et al., 2025).
Rock types such as granites have the lowest melting point of
any silicate igneous rock, making them susceptible to shock-
induced melting (Shervais and Taylor, 1983); in hydrous
systems, granites start to melt at <800°C (Holtz and
Johannes, 1991; Lamadrid et al., 2014), and in anhydrous
systems, granites start to melt from ~950 to 1000 °C (e.g.,
Newton, 1986; Liaw et al., 2006). The lack of significant
native Fe within these glasses, and their low abundance of
siderophile elements such as Co or Ni relative to impact
melts (Si-K-rich glass have Ni <85ugg™t, Table S11, vs.
>200ug g™t in clast-rich and clast-poor impact melts; Pa-
pike et al., 1998), indicate that these glasses are not part of
large-scale impact melt ejecta or melt sheet complexes (e.g.,
poikilitic impact melt breccias; Ryder and Spudis, 1987;
Norman et al., 2002), but more likely represent localised
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Figure 12. a) and b) Phosphate analyss from samples 14313,70 (green ellipse) and 14304,278 (red ellipse) plotted in
207pp /204Ph vs. 204Pp /296Ph space. Regression through analyses for 14131,70 trend towards modern terrestrial Pb
whereas a regression through analyses for 14304,278 trend towards lunar initial Pb values. Modern terrestrial lead
corrected 29°Pb /238U versus 2°"Pb /235U concordia plots are also presented for 14313,70 (c) and 14304,278 (d). e) and f)
report 207Pb /?96Pb dates for 14313,70 and 14304,278 respectively. Terrestrial corrected ages are plotted in green and red
and the lunar initial corrected values are plotted in blue. Modern terrestrial Pb isotope ratio in a) is from Stacey and

Kramers (1975). All errors are 26.

impact-induced melting (i.e., melt formed by conductive
heat transfer alone and not linked to an increase in pressure).
The preservation of Si-K-rich glass in granitoids 14305,111,
14305,102, 14303,330, and 14304,209 (Fig. 1), thus, likely
reflects very rapid quenching of a melt(s). Glass in sample

12013,13 may reflect formation from a slower-cooling melt
relative to the other glass-bearing samples, allowing both
silica and K-feldspar to crystallise as distinct mineral phases
(Fig. 1j,k). The Si-K-rich glass within alkali gabbronorite
sample 67975,9011 could represent a melt mesostasis:
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tridymite in mare basalts (Smith and Steele, 1984). We note that the range of TiO, in granitoid quartz grains overlaps
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indicate estimated crystallisation temperature of quartz mon
Ti-in-zircon (Crow et al., 2017).

texturally, the glass is present in small regions between
pyroxene and plagioclase. However, significant Si-K-rich
glass is also present surrounding mineral grains and filling
cracks. This could indicate some infiltration or remelting
and redistribution of felsic melts throughout the sample,
possibly as an impact melt.

4.2 Temperature-pressure estimates

Pressure and temperature constraints can help refine models
of melt generation, evolution and crystallisation. However,
the precise petrogenesis of lunar evolved melts is poorly
constrained, and very few pressure-temperature (P-T) es-
timates have been reported (Seddio et al., 2015; Shearer
et al., 2022). Previous studies have estimated crystallisation
depths to first order by identifying which silica polymorphs
are present. The occurrence of high-temperature silica
polymorphs tridymite (870-1470 °C) and cristobalite (1470-
1705 °C; Wenk and Bulakh, 2016) has been used to argue

zodiorites (Barrett et al., 2023) and granitoids using

that granitoids represent shallow magmatism (within the top
few km of the lunar crust), possibly analogous to siliceous
domes such as those seen at the lunar nearside Gruithuisen
region (Seddio et al., 2015; Shearer et al., 2022). However,
as noted by Barrett et al. (2023), at temperatures > 1050 °C,
tridymite is a stable crystallising silica phase throughout the
crust (i.e., down to ~30 km depth on the lunar nearside).

To perform more quantitative pressure/temperature es-
timates, there are limited options for lunar granitoids due
to the mineral phases present (e.g., there is an absence of
pyroxene, which is commonly used to estimate P-T condi-
tions). Recently, a method for calculating crystallisation
temperatures using Ti-in-K-feldspar has been established
for felsic magmatic systems (Zhang et al., 2022). It is
important to note that this system has been calibrated for
terrestrial systems over a limited range of temperatures
(500 to 800°C) and pressures (2 to 3kbar), and for Ti
abundances up to ~150pugg~t. When applied to the K-
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feldspars investigated here (using Ti abundances determined
by LA-ICP-MS; Table S11), we obtain results that appear
reasonable for depths across the Moon’s crustal structure.
Only four of the samples contain K-feldspar grains that
are large enough to determine their trace element sys-
tematics (granitoids 72275,520; 73255,9083, 14303,330
and alkali gabbronorite 67975,9011). The Ti abundances
measured for each sample (778 26, 313 £ 50, 349 + 25,
and 333 £ 24 ugg!, respectively; uncertainties 2SE) cor-
respond to calculated temperatures of 1293, 1054, 1078,
and 1067 °C (note the model calibration has a standard
error estimate of £70°C, which is larger than the propa-
gated analytical uncertainties). The temperature-pressure
relationship during shock metamorphism is well established
(e.g., Stoffler and Langenhorst, 1994). If the temperatures
calculated here were to record peak metamorphic tempera-
tures rather than crystallisation temperatures, the expected
corresponding peak metamorphic pressures should exceed
500 kbar. Under these pressure and temperature conditions,
the silica polymorph coesite should be present within these
samples, but it is not observed.

The range of temperatures reported here (1054 to
1293°C) is consistent with those calculated using Ti-
in-zircon thermometry from multiple thin sections of
Apollo 15 sample 15405 (958 to 1321 °C; Fig. 13b Valley
et al.,, 2013; Crow et al., 2017). The lower bound of
this range is consistent with the dry solidus for granites
(e.g., Robertson and Wyllie, 1971). Except for sample
72275,520, our calculated temperatures are also within the
range of crystallisation temperatures reported for quartz
monzodiorite samples (Barrett et al., 2023; First and
Rutherford, 2019, Fig. 13b).

Titanium-in-quartz is frequently used as a thermobarome-
ter for evolved terrestrial magmas (e.g., Wark and Watson,
2006; Thomas et al., 2010). Despite this, as discussed
by Seddio et al. (2015) and Barrett et al. (2023), this
system may not be suitable for application to silica in lunar
granitoids. As a first-order limitation, this system requires
an independent temperature estimate in order to calculate
a pressure (and vice versa). Additionally, whereas quartz
has been identified as the stable silica polymorph in the
granitoids investigated here (Fig. S11), it has been argued
that silica grains from lunar granitoids have undergone a
volumetric contraction caused by the transition from less-
dense cristobalite or tridymite to more-dense quartz (Seddio
et al., 2015). Both tridymite and cristobalite can incorporate
more Ti in their crystal structure for a given P-T relative to
quartz due to their relatively open crystal structures (Smith
and Steele, 1984). Consequently, quartz that originated as a
higher-T polymorph may display higher Ti abundances than
quartz that crystallised directly from a melt. Indeed, Seddio
et al. (2015) noted that the range of Ti content reported
for silica in Apollo 12 granitoid clasts (grey field in Fig. 13a),
and by extension the range of Ti content in silica observed
in our study (black symbols in Fig. 13a) are within range
of tridymite found in mare basalts (red line in Fig. 13a).
Consequently, any calculated pressures or temperatures will
be spurious using either our specific Ti-in-quartz routine

(Table S13) or the less precise defocused beam routine
used for all felsic phases (Table S10). Indeed, using the
Ti-in-K-feldspar temperatures, the resulting Ti-in-quartz
pressures yield values that range from 9 to 22 kbar. For
the Moon, these pressures correspond to depths > 100 km
(i.e., within the lunar mantle) and clearly do not represent
granitoid or alkali gabbronorite crystallisation depths.

In the absence of a reliable barometer, it is not possible
to constrain meaningful crystallisation pressure estimates
for the granitoids and alkali gabbronorites studied here.
However, the maximum possible crystallisation pressure can
be estimated using the point at which tridymite is no longer
stable within the lunar crust (assuming that the quartz
observed here originally crystallised as tridymite). On this
basis, the granitoids we have data for could have crystallised
at any depth within the nearside lunar crust (Fig. 13b).

4.3 Interpreting granitoid and alkali gabbronorite dates

Dates reported here, together with those reported in the
literature, are plotted in Figures 7 to 12 and Figure 14. All
uncertainties cited here are at the 2g level.

U-Pb and Pb-Pb isotope dates

The Pb-Pb isotope data reported here significantly expand
the number of Pb-Pb isotope analyses available for lunar
granitoids and alkali gabbronorites across multiple Apollo
landing sites. Previously, Nemchin et al. (2017, 2021)
highlighted that the Imbrium impact event at 3922 + 12 Ma
must have ‘profoundly’ homogenised Pb between minerals
in granitoids excavated from depth by the basin-forming
event, and in the impact breccias that were formed during
the event. While acknowledging the complications in deter-
mining ages from samples reported here (see Section 3.4),
at face value, Si-K-rich glass dates for samples 73255,9083,
14303,330 and 14305,105 are within uncertainty of the
age of Imbrium (Fig. 14a). Notably, our Pb-Pb date
for 14303,330 (3918 + 18 Ma) is within uncertainty of the
3920 + 13 Ma date reported by Nemchin et al. (2017) for
K-feldspar within a different granitoid clast within sample
14303,49. Granitoids 73235,73 and 73255,9084, and alkali
gabbronorite 67975,9011 have dates that are younger than
Imbrium. At face value, these dates could represent Pb
isotope resetting/partial resetting by younger impact events
(Fig. 14a). These ages are consistent with reported bulk-
rock Ar-Ar dates (ranging from 3.88 to 3.69 Ga for samples
14305, 14303, 14304, 14313, 67975, 73235, 73255, 72273;
Kirsten et al., 1972; Phinney et al., 1975; Turner and
Cadogan, 1975; Jessberger et al., 1978), indicating that
impacts such as Imbrium or younger were responsible for
the assembly of the host breccias in which the granitoids
are situated.

There are very few U-Pb Ca-phosphate dates previously
reported for Apollo and lunar meteorite granitoid samples —
dates range from 3911 + 42 to 3959 + 35 Ma for 12013,7
(Thiessen et al., 2018) and from ~3.94 to ~4.15 Ga for the
Calcalong Creek meteorite (Oliveira et al., 2025) — and none
are reported for alkali gabbronorite samples. We obtained
Ca-phosphate dates of 3915 + 11 Ma from 14313,70 and
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Figure 14. a) U-Pb, Pb-Pb, and b) Rb-Sr isotope dates of granitoid material reported here and summarised from the
literature. Pb-Pb and U-Pb dates from this study have red outlines. Literature Pb-Pb data from Nemchin et al. (2017).
Ca-phosphate U-Pb data from Thiessen et al. (2018). Zircon literature data from Compston et al. (1984); Meyer et al.
(1989); Thiessen et al. (2018); Meyer et al. (1996); Crow et al. (2017); Nemchin et al. (2008); Grange et al. (2013);
Zeng et al. (2021). For sample 73217, Compston et al. (1984) did not report the sub-split number analysed. Literature
whole-rock Rb-Sr dates from Albee et al. (1970); Compston et al. (1977); Shih et al. (1985); Shih et al. (1994); Simon
et al. (2011). Impact crater counting absolute model ages of silicic domes are plotted as red bars; data from Shearer et al.
(2023) and references therein. Imbrium basin impact age from Nemchin et al. (2021). The yellow bar represents our best
estimate for the crystallisation age of lunar granitoids (uncertainty is 26). The upper South Pole-Aitken basin age

estimate is from Barboni et al. (2024).

3939 £ 25 Ma for 14304,278 (Fig. 10). It is evident that
the U-Pb isotope system of Ca-phosphates within alkali gab-
bronorite samples (and granitoids based on published dates)
has been reset by the Imbrium impact event (Fig. 14a). This
is also consistent with the susceptibility of Ca-phosphates
to shock pressure damage by impacts (e.g., Cernok et al.,
2019).

In contrast to Ca-phosphates, many granitoid clasts from
16 Apollo samples have zircon 2°7Pb/?%Pb dates reported
(99 analyses across 69 zircon grains; Compston et al., 1984;
Meyer et al., 1989, 1996; Nemchin et al., 2008; Crow
et al., 2017; Grange et al., 2013; Trail et al., 2020; Zeng
et al., 2020). The frequency distribution of reported zircon
207pp /296ph dates are plotted on the right-hand side of
Figure 14a. To avoid over-sampling, in the cases where
multiple analyses were made on a single zircon grain, we

plotted the oldest date on the basis that this likely reflects
the least impact-modified age. Zircon dates yield clusters
between 3.92 and 4.01 Ga, ~4.16 to 4.27 Ga, and ~4.29
to 4.35 Ga (Fig. 14a).

In general, zircon grains present in igneous clasts largely
survive heating and abrasion associated with impact and
breccia formation (e.g., Nemchin et al., 2008). This argu-
ment is used to suggest that the oldest dates recorded by
zircons reflect the age of magmatic events (e.g., Kring et al.,
2015; Barboni et al., 2024). A weighted mean of the oldest
cluster of zircon dates (across 27 zircon analyses) yields a
date of 4320 £ 2 Ma. The significance of this date within
the lunar zircon population has recently been discussed by
Kring et al. (2015) and Barboni et al. (2024) and is further
discussed in Section 4.4,
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partial melting calculations.

It is unclear whether zircon dates < 4.32 Ga reflect impact
resetting/partial resetting or crystallisation ages. Some
samples (such as 12013,5, 12013,6, 12013,7 and 14303,49)
have relatively large numbers of zircon analyses (n = 8 for
12013 and 15 for 14303,49 respectively) that display a
spread of dates. For these samples, dates range from 4154
to 4308 Ma for 12013,5,6,7 and from 4228 to 4346 Ma for
14303,49. Partial resetting of the U-Pb system due to Pb
loss is argued to be the cause of the spread from ~4.3 Ga
to younger dates in these samples (Nemchin et al., 2008;
Grange et al., 2013; Thiessen et al., 2018; Barboni et al.,
2025). Impact-related shock is known to result in distinct
microstructural and textual characteristics in zircons (e.g.,
Timms et al., 2011; Crow et al., 2017, 2019). However, for
the most part, such observations are absent. Additionally,
for many samples, only several zircon grains were available
for analysis, many of which plot along the condordia curve
in U-Pb isotope space (Meyer et al., 1996). While the

age of the youngest zircons (~3.92 Ga) is likely related to
the Imbrium impact event, it is difficult to robustly assess
whether < 4.32 Ga dates reflect an impact-reset age or a
(re)crystallisation age. Irrespective of this, it is evident from
the zircon population that lunar granitoids are older than
~3.92 Ga; i.e., formed before the Imbrium impact event
(Fig. 14a).

Rb-Sr isotope dates

Figure 14b shows our plagioclase, alkali feldspar, and Si-K-
rich glass isochron dates together with reported whole-rock
Rb-Sr dates. All uncertainties cited here are at the 2 level.
Our dates for 14303,330 (both plagioclase and K-feldspar
(3997 £ 130Ma) and Si-K-rich glass (3965 + 45 Ma)
isochron dates) are within the uncertainty of the reported
whole-rock date of 3950 + 38 Ma (14303,204; Shih et al.,
1994).
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Although the Rb-Sr chronometer is typically resistant
to impact shock effects < 10 GPa, it can be significantly
affected by subsequent thermal annealing, resulting in partial
or complete re-equilibration of the Rb-Sr system (e.g., Borg
et al., 2005; Scharer and Deutsch, 1990; Gaffney et al.,
2011). At temperatures around 700 to 1000 °C, Sr and Rb
have similar diffusion rates in both plagioclase and alkali
feldspars, both moving 100s of microns over decades (Giletti,
1991). All Apollo plagioclase and K-feldspar isochron dates
reported here, together with reported whole-rock Rb-Sr
dates, are within range of the Imbrium impact event at
3.92 Ga or younger (Fig. 14b); this indicates that the Rb-Sr
chronometer has likely been partially to totally reset by lunar
nearside impact events.

Lunar meteorite sample NWA 4472 has a plagioclase/K-
feldspar date of 4140 = 140 Ma. On the basis that granitoid
fragments within this sample also contain Si-K-rich glass, it
is likely that this date also represents an impact reset/partial
reset age rather than a crystallisation age. Phosphates from
other clasts and the matrix of this sample have U-Pb dates
that range from 4344 + 14 to 3931 + 18 Ma (Joy et al.,
2011), indicating that our Rb-Sr date is likely a partially
reset age from an older (~4.34 Ga) granitoid crystallisation
age. We note that U-Pb analyses of Ca-phosphates from
Apollo 17 samples record a distinct reset event at ~4.2 Ga,
which has been tentatively linked to the formation of the
Serenitatis impact basin (Cernok et al., 2021). Therefore,
we cannot rule out that the Rb-Sr isotope systematics in
granitoid fragments 14305,102 are preserving the Serenitatis
impact event rather than reflecting partial resetting by the
Imbrium basin-forming event.

As noted in Section 3.3, Rb-Sr isochron dates calcu-
lated using analyses from Si-K-rich glass have calculated
87Sr /8 Sry initial values below the Sr isotope growth curve
from the lunar initial (Figs 8, 9); and samples 14305,111 and
14305,102 have Si-K-rich glass Rb-Sr isochron dates that
are older than plagioclase/K-feldspar isochron dates (Fig. 9
and Fig. 14b). It is notable that Si-K-rich glass isochrons
have 8 Rb/®0Sr values > 3. The spuriously low Sr isotope
initial values could, thus, be a computational artefact as
there are few datapoints with 8 Rb/8°Sr values close to zero
to help robustly constrain the regression intercept. However,
this could also reflect preferential Rb loss relative to Sr from
the Si-K-rich glass. Variable Rb loss from different glass
patches could lower 8”Rb/8%Sr ratios, resulting in steeper
isochrons that regress to low initial Sr isotope ratios and
yield spuriously old dates. This effect could also account
for the old date (4433 + 64 Ma) yielded by glass analyses
from 14304,209, even though its calculated 87Sr/%6Srq
initial value is above the Sr isotope growth curve from the
lunar initial. The loss of Rb and other volatile elements
(e.g., Pb, K, Na) relative to refractory elements during
impact vaporisation is commonly reported from Apollo and
Chang'e 5 impact glasses (Delano et al., 1982; Korotev
et al., 2010; Yang et al., 2022). Indeed, Rb is one of
the low-temperature group of moderately volatile elements
(elements that have a 50% condensation temperature
<1300 K; Lodders, 2003; Albaréde, 2009). Sossi et al.

(2019) reported that Rb has a 1 % evaporation temperature
of 1668 K (1395°C), whereas K has a 1% evaporation
temperature of ~1867 K (1594 °C). It is not clear if the
Si-K-rich glass has undergone K loss relative to refractory
elements; therefore, this brackets the maximum temperature
for Rb loss to have occurred. Experimental volatilisation
experiments under lunar conditions by Gibson Jr et al. (1973)
indicate that significant Rb loss from basaltic glass can
occur at temperatures as low as ~1100 °C, setting a lower
temperature estimate for Rb loss. The effect of impact-
related Rb loss disturbing Rb-Sr isochrons has recently
also been highlighted by Li et al. (2023), where significant
loss of Rb is evident in analyses of mesostasis pockets from
Chang’e 5 basalts; these analyses have high Sr isotope ratios
(>0.77), indicating long-term radiogenic growth of 8"Sr, yet
have very low 8"Rb/8®Sr values (< 0.3) suggesting recent Rb
loss. Together, this indicates that shock-related disturbance
tends to lower 8 Rb/#Sr ratios due to Rb loss, producing
steeper isochrons and thus yielding older meaningless dates.
Therefore, we suggest that caution should be used when
interpreting the Rb-Sr isotope systematics of impact glass.

4.4 Assessing the geologic formation setting of granitoids

The basaltic underplating model was first advocated for in a
lunar context by Hagerty et al. (2006) as a mechanism for
generating large volumes of melt needed to account for the
silicic magmatic domes identified at the lunar surface. The
majority of zircon dates calculated using the U-Pb isotope
system are older than the model impact crater counting
ages for silica domes (~3.6 to ~4 Ga; Fig. 14). Therefore,
it is not evident to us that mechanisms for generating large
volumes of silicic melt (i.e., underplating) are necessarily
needed to account for the occurrence of (at least some)
lunar granitoids. Indeed, given the small size of granitoid
fragments within the Apollo collection, it is not possible
to estimate the size of the parent rocks from which the
samples were sourced. The granitoids investigated here
could have equally originated from granophyre horizons
from within plutonic intrusions and/or differentiated impact
melt sheets. In terrestrial settings, granophyre horizons
are commonly observed in layered intrusions (e.g., Skaer-
gaard; Hirschmann, 1992) and differentiated impact melt
sheets (e.g., Sudbury; Keays and Lightfoot, 2020). Based
on the available age information summarised above, it is
not possible to differentiate between these two geological
settings (i.e., mantle partial melts vs. impact-related crustal
melting).

Impact melt sheets

The oldest cluster of zircon dates at ~4.32 Ga is notably
older than current estimates for the largest nearside basins
(Serenitatis, Crisium, Nectaris and Imbrium; Fassett et al.,
2012). Thus, it is unlikely that differentiated impact melt
sheets in any of these younger impact basins were the
geological setting for the formation of granitoids. However,
formation in differentiated melt sheets in the largest and
oldest lunar impact basins cannot be ruled out. The oldest
visible basin is the farside South Pole-Aitken basin (SPA).
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Its age is actively debated (Fig. 14); estimates range from
~4.25 Ga, as possibly recorded by samples returned from
the farside Apollo basin by Chang'e 6 (Su et al., 2025),
to ~4.34 Ga, as recorded by zircon dates from a range of
Apollo and meteorite samples (Kring et al., 2015; Barboni
et al., 2024; Joy et al.,, 2024). Notably, the older age
is consistent with an estimated minimum age of ~4.3 Ga
inferred from a re-examination of impact crater counts using
GRAIL data (Evans et al., 2018). Potentially even older is
the postulated nearside Procellarum impact basin (Wilhelms
et al., 1987), although it is debated whether this feature
represents an impact basin or not (e.g., Cadogan, 1974;
Andrews-Hanna et al., 2014; Whitaker, 1981).

Plutonic layered intrusions

A date of ~4.35 Ga marks the start of a period of secondary
crust formation by plutonic magmatism recorded by the
Apollo Mg-suite and High Alkali Suite lithologies (e.g., Borg
and Carlson, 2023). The causes for the generation of mantle
partial melts at this time range from a mantle overturn event
— driven by instabilities of dense ilmenite-bearing layers at
the top of the magma ocean cumulate pile or triggered
by the SPA impact (Kring et al., 2015; Borg and Carlson,
2023; Prissel et al., 2023; Barboni et al., 2024) — to a period
of tidal heating (Nimmo et al., 2024). Regardless of the
causes of magmatism, the range of zircon dates within the
~4.32 to 4.34 Ga cluster could reflect their crystallisation
within magmatic intrusions emplaced in the crust at the
end of this magmatic period.

4.5 Assessing the chemistry of potential parental melts

At face value, low reported bulk-rock and mineral/glass
siderophile element abundances (Papike et al., 1998) to-
gether with a lack of phases such as native Fe within grani-
toids, would seem to preclude their origin within an impact
melt sheet. This is further indicated by the bulk rock and
Si-K-rich glass trace element systematics. As highlighted
previously, reported granitoid bulk rock analyses and Si-K-
rich glasses are enriched in incompatible trace elements.
Whereas absolute REE abundances are within range of
Apollo high-K KREEP (Fig. 3), incompatible element ratios
display a notable difference, e.g., higher Th/Sm than high-K
KREEP (Fig. 15). Such ratios (assuming the chemistry
of the impact-generated Si-K-rich glass reflects the bulk
composition of the precursor granitoids) are unlikely to
reflect a parental melt formed by impact-generated crustal
melting. Impact melts may be superheated to temperatures
far above the normal melting point of silicate rocks (e.g.,
Bray et al., 2010). This would result in nearly 100 % melting
of the target crust, forming an impact melt ‘pond’ that
then undergoes differentiation. Such high degrees of melting
would not fractionate incompatible trace elements; rather,
the trace element abundances would reflect those of the
melted crustal lithologies. Therefore, the fact that granitoid
Th/Sm ratios cannot be accounted for by any mix of known
highland lithologies and KREEP might indicate a different
magmatic origin, either in mantle source contributions

or melting regime, relative to other highland lithologies
(Korotev et al., 2003; Pernet-Fisher et al., 2024).

Some have argued that lunar granitoids are the result
of large-scale silicate liquid immiscibility (SLI; Quick et al.,
1977; Neal and Taylor, 1989; Jolliff et al., 1991). During
the crystallisation of magmatic systems, in the final few
percent of solidification, the residual liquid can enter an
immiscibility field where it will separate into Si-rich and Fe-
rich fractions. The REEs and P would preferentially partition
into the latter, and K would preferentially partition into the
former. Silicate liquid immiscibility is commonly observed
in mare basalts (Potts et al., 2016; Zhang et al., 2025;
Pernet-Fisher et al., 2014; Roedder and Weiblen, 1970) and
has been experimentally reproduced for lunar mare basaltic
systems and lunar magma ocean crystallisation (Hess et al.,
1975; Rutherford et al., 1976; Zhang et al., 2024; Ofierska
et al., 2026). Lunar granitoids have bulk-rock K/REE and
K/P ratios consistent with the expected composition of the
Si-rich immiscible fraction; however, the range of Th/Sm
values observed is not consistent with the expected Si-rich
fraction (Watson, 1976; Warren et al., 1983). Partition
coefficients between immiscible Fe-rich and Si-rich melts
for basaltic systems suggest that REEs and Th have similar
partitioning behaviour (Dge.jiq/si-iq = 2.01 £ 0.73 for Sm and
1.59 £ 0.54 for Th; Veksler et al., 2006). Therefore, during
the separation of immiscible melts, the Th/Sm value should
not fractionate significantly. Rather, the fractionation of
incompatible element ratios like Th/Sm to higher values
than high-K KREEP has been argued to reflect either the
crystallisation of Ca-phosphates in the granitoid parent melt
prior to SLI (Neal and Taylor, 1989) or Ca-phosphates
contributing to partial melts of either a precursor Si-rich
lithology (Zhang et al., 2024) or a fertile mafic crust, i.e.,
basaltic underplating (Hagerty et al., 2006).

Crystallisation of Ca-phosphates, and merrillite in particu-
lar, are one of the key mineral groups (together with zircon)
for constraining the incompatible trace element budget of
granitoids (Seddio et al., 2015). This is due to the high
abundance of incompatible elements, such as the REEs, in
Ca-phosphates relative to silicate minerals. There are few
constraints on mineral/melt partition coefficients for Ca-
phosphates in evolved terrestrial or lunar magmatic systems.
Merrillite/melt and apatite/melt partition coefficients com-
piled from the GERM database and those reported by Neal
and Taylor (1989) indicate that Ca-phosphates have REE
partition coefficients 10 to 100 times higher than Th. Thus,
melt Th/Sm values should be significantly fractionated
during partial melting and/or fractional crystallisation of
Ca-phosphate-bearing assemblages. Due to a lack of robust
constraints on mineral/melt partition coefficients for evolved
lunar systems, it is difficult to precisely quantify the role
that Ca-phosphates play in fractionating trace elements.
Using terrestrial partition coefficients for evolved systems
(see Table S14 in Supplementary Materials for values used),
we illustrate the potential for Th/Sm fractionation in partial
melts from Ca-phosphate-bearing and Ca-phosphate-free
Si-rich and fertile mafic starting compositions (Fig. 15).
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Si-rich parental melt

Zhang et al. (2024) demonstrated that urKREEP (the
KREEP-rich residue of lunar magma ocean crystallisation
situated between the crust and mantle) will have undergone
SLI and argued that a partial melt from the crystallised
product of the Si-rich fraction (a lithology that would
likely be similar to granitoids) could play a role in the
genesis of lunar granitoids. It is hard to estimate the
incompatible element abundances in the Si-rich fraction
of urKREEP. Partitioning data suggest that around half to
a quarter of the REE and Th budget should partition into
the Si-rich fraction relative to the Fe-rich fraction; REEs
have reported Dre.jiq/si-iq that range from 1.59 to 2.01 for
terrestrial systems (Veksler et al., 2006) and ~4 for lunar
systems (Neal and Taylor, 1989). Therefore, using the
reported abundances of high-K KREEP (which represents a
mix of both the Fe-rich fraction and Si-rich fraction), we
estimate an upper limit of 22 pgg™' Sm and 10pgg=t Th
for the urKREEP Si-rich fraction. Using this as a starting
composition, batch partial melt trajectories for a Si-rich
lithology that consists of plagioclase, K-feldspar, and Ca-
phosphate were calculated; black and grey lines in Fig. 15a,b
represent partial melt trajectories with 0.5 and 0.1 modal %
Ca-phosphate, respectively, in the source lithology. A large
range of D, values for both Th and Sm are reported in
the literature; we plot partial melt trajectories using the
maximum (1105) and minimum (84) values reported (see
Supplementary Materials for details of the calculation and
partition coefficients used). Regardless of the choice of
Dapt value, it is clear that Ca-phosphate-bearing Si-rich
source rocks can significantly fractionate Th/Sm relative to
Ca-phosphate-free source rocks (red line; Fig. 15) during
partial melting.

A challenge with arguing for a Si-rich source lithology
is the potential difficulty in segregating immiscible melts
within the urKREEP layer to ensure that only Si-rich rock
types undergo partial melting. Despite the higher buoyancy
of Si-rich melts relative to Fe-rich melts (Wilson and Head,
2003), the high viscosity of Si-rich melts means that they
are unlikely to migrate large distances (Seddio et al., 2013;
Valencia et al., 2024). Separation of Si-rich melts could
be achieved if the Fe-rich fraction were sufficiently dense
to sink into the mantle (similar to the proposed ilmenite-
rich cumulate mantle overturn event; Elkins Tanton et al.,
2002; Prissel et al., 2023). Despite this, partial melts
from any Si-rich urKREEP lithologies would also have high
viscosity and, as such, would also stay close to their source
rocks at the crust/mantle interface. Only the largest lunar
impact basins (e.g., the farside South Pole-Aitken or the
postulated nearside Procellarum basin) would be able to
exhume such material from the base of the crust (either
~30 km on the lunar nearside or ~60 km on the lunar farside;
Wieczorek et al., 2013) to the near-surface, where it could
be redistributed by later impact events.

Fertile mafic parental melt

Basaltic underplating requires the remelting of rock types
such as KREEP basalts or alkali gabbronorites to produce

silicic melts that have high incompatible trace element
abundances (Gullikson et al., 2016; Valencia et al., 2024).
Such KREEP-rich rocks are required to be coeval or older
than the age of lunar granitoids (i.e., ~4.3 Ga). The dates
reported here for three alkali gabbronorite samples (Table 1)
have been affected by impact resetting and, as such, do
not help constrain whether KREEP-rich rock types were
present within the lunar crust at ~4.3 Ga. Consequently,
we do not rule out basaltic underplating as a mechanism
for generating felsic melts within the lunar crust.

For terrestrial systems, underplating has been estimated
to produce 12 to 25% partial melts from a mafic crust
(Sisson et al., 2005). In a lunar context, which is generally
considered to be more volatile-poor than terrestrial systems
(e.g., Hui et al., 2013; Mills et al., 2016), the degree
of melting could be lower. Using the Dre.jiq/siiq Cited
above, we estimated an upper limit of 37 ugg=t Sm and
14ugg™t Th for the Fe-rich fraction (see Supplementary
Materials Section S3). Using this starting composition, at
partial melts <25 %, modelling suggests that for a mafic
mineral assemblage of plagioclase, pyroxene, and olivine,
the resulting partial melts cannot fractionate Th/Sm to
values higher than high-K KREEP (red line; Fig. 15c,d).
Nevertheless, as seen in our felsic partial melt trajectories,
the inclusion of phosphates in the source mineral assemblage
(black and grey lines; Fig. 15c,d) has a significant effect,
driving Th/Sm fractionation in the partial melt, regardless
of the D,pt value used.

The deviation of trace element ratios away from high-
K KREEP compositions (Warren, 1989) might reflect the
crystallisation of Ca-phosphates within this system (e.g.,
Neal and Taylor, 1989). Not all granitoid fragments ob-
served in our selected, or previously reported, samples
contain Ca-phosphate; however, given the size of these
samples, it is very likely that the modal mineral abundances
are not representative of the rocks from which they were
sourced (Warren, 2012). The abundance of Ca-phosphates
is typically < 1 modal % for most rocks; therefore, we might
not expect a ~200 pm granitoid fragment to contain Ca-
phosphate grains. Crystallisation experiments reported by
Gullikson et al. (2016) demonstrate that melts with a
monzogabbro parental melt composition will crystallise a
rock with ~2 modal % Ca-phosphate and an immiscible
Si-rich melt that is within the range of reported bulk Apollo
granitoid compositions. While such studies yield important
insights into potential granitoid parent melts, there is a clear
need to better understand how these magmatic systems
partition trace elements during crystallisation, immiscible
melt separation, and during partial melting of their source
lithologies.

5 Conclusions

The impact-reworked nature of the granitoid and alkali
gabbronorite fragments found within meteorites and the
Apollo collection makes it challenging to decipher their
crystallisation age(s). In many samples, the Rb-Sr, U-Pb
and Pb-Pb chronometers do not record the crystallisation
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age, but rather record resetting events. /n situ Pb-Pb and
Rb-Sr isotope measurements on plagioclase, K-feldspar,
and Si-K-rich glass in granitoid clasts within Apollo samples
14303,330, 72275,520, and 73255,9083 are within error
of the Imbrium impact event at 3.92 Ga. Granitoid clasts
within samples 14305,111, 73235,73, 14305,102 record
younger Rb-Sr and Pb-Pb dates, potentially reflecting mod-
ification by younger impacts at ~3.5 to ~3.6 Ga. Granitoid
clasts within lunar meteorite sample NWA 4472 yield a date
older than Imbrium (~4.14 Ga), potentially indicating only
partial resetting by Imbrium at ~3.92 Ga, or full resetting
by an older impact event.

The occurrence of Si-K-rich impact glass is common
within Apollo granitoids. Dates calculated using Si-K-
rich glass (using Si-K-rich glass only or glass and mineral
isochrons) yield ages consistent with Imbrium, supporting
their origin as impact glasses. We note that isochrons
calculated using analyses from Si-K-rich glass from samples
14305,102 and 14304,209 yield significantly older dates
(>4.2Ga). These samples also display isochron initial
Sr isotope ratios below the expected growth from the
lunar Sr isotope initial. This can be accounted for by
variable Rb loss during impact melting, which would act
to lower the 8 Rb/80Sr of the resulting glass, resulting
in steeper isochrons that regress to low initial Sr isotope
ratios and yield spuriously old dates. These results highlight
the potential limit of usefulness of the Rb-Sr systems for
constraining the timing of impact glass generation.

Phosphate dates for alkali gabbronorite samples
14304,278 and 14313,70 yield dates (~3.93Ga and
3.91 Ga, respectively) consistent with resetting by the
Imbrium impact at ~3.92Ga. For alkali gabbronorite
sample 67975,9011, our Pb-Pb date (~3.56 Ga) indicates
modification by an impact younger than Imbrium. For this
sample, we report a phosphate-maskelynite Rb-Sr date that
yields an older age (~3.94 Ga); however, it is unclear if Rb
loss during shock transformation of feldspar to maskelynite
has occurred, resulting in an apparent older age.

This work demonstrates that multi-geochronologic ap-
proaches are important for understanding the history of
ancient, brecciated samples. We suggest that the U-Pb
isotope systematics of zircon (while not commonly im-
mune to impact shock resetting; Nemchin et al., 2008;
Thiessen et al.,, 2018; Grange et al., 2013) remain our
best tool for estimating the ages of lunar granitoid clasts.
The majority of zircon-derived dates are older than crater
counting age estimates of lunar silicic domes (Fig. 14;
Shearer et al., 2023). As such, it remains unclear whether
mechanisms capable of generating large volumes of felsic
melts, such as crustal underplating by KREEP-rich mafic
lithologies, are required to account for the formation of
lunar silicic domes. This point is compounded by the
lack of constraints on whether such KREEP-rich mafic
lithologies, such as alkali gabbronorites, were present within
the crust at ~4.3 Ga. Indeed, the original size of granitoid
rocks from which the fragments available for study are
sourced is uncertain; they could equally represent granophyre
layers in differentiated magmatic intrusions or impact melt

sheets. In either case, partial melt modelling indicates
that melting of Ca-phosphates during partial melting of the
source rocks, and/or the crystallisation of Ca-phosphates
from the parental melt, is required to account for the unique
incompatible trace element systematics recorded by grani-
toids relative to other lunar highland lithologies. Ultimately
our understanding of the petrogenesis of lunar felsic rocks
will be improved by future lunar missions targeting silicic
dome sites (e.g., Lunar-VISE; Donaldson Hanna et al,,
2023) and sites thought to be linked to surface exposures
of granitoid-like rocks.
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