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ABSTRACT

Certain Mg-suite samples display enrichment in incompatible elements, likely resulting
from the assimilation of the material that crystallized at the very late stages of magma ocean
(ur-KREEP). This study uses trace element analyses of plagioclase separates from sample
76535 to estimate the Rare Earth Element (REE) concentration of the Mg-suite parental
liquid and assess the extent of contribution from ur-KREEP. Thirty-three trace elements,
including REEs, were measured in the separates and the measured REEs reflect magmatic
conditions being free from subsolidus alteration. The Mg-suite parental liquid was estimated
using these REE data as targets for a Python-based forward model which employs a
RhyoliteMELTS-defined liquid line of descent. The estimated parental liquid shows REE
enrichments of 200 times chondritic levels for Light REEs and 20 times for Heavy REEs.
Mixing models between the REE compositions of a potential Mg-suite primary liquid and
modeled ur-KREEP indicate that 30-50% assimilation of ur-KREEP is required to reproduce
the observed REE concentrations in the Mg-suite parental liquid. We demonstrate an
approach to determine the petrogenesis of a sample by characterizing a very limited quantity of
grains, in an effort to maximize the scientific output from current and future returned samples
such as Artemis.

INTRODUCTION
The Mg-suite is a series of lunar highlands samples composed predominantly of anorthositic
lithologies, which are chemically distinct from other lunar highlands terranes (Warner et al.,
1976). The Mg-suite is characterized by an alkali content of 0.05 wt% KO, highly magnesian
olivine (Fo > 80, where Fo = Mg/[Mg + Fe]), and highly calcic plagioclase (An > 90, where An
= Ca/[Ca+ Na+ K]) (Dymek et al., 1975; Gooley et al., 1974, Snyder et al., 1999). Mg-suite
samples are enriched in incompatible trace elements (Haskin et al., 1974; Gooley et al., 1974;
Dymek et al., 1975) which has been designated a KREEP signature because of enrichments in
potassium, rare-earth elements (REEs), and phosphorus. Explanations for the source of this
signature have suggested the assimilation of the residual liquid created by 99% crystallization of
the lunar magma ocean called ur-KREEP (Warren 1986; Hess 1994; Papike et al., 1998; Shervais
and McGee, 1998; Shearer and Papike, 2005; Longhi et al., 2010; Elardo et al., 2012).

Aside from the Mg-suite, Mg-rich cumulates have also been identified in lunar meteorites
(Treiman et al., 2010; Yamaguchi et al., 2010; Roberts et al., 2019; Gross et al., 2020; Cao et al.,

2021; Hulsey et al., 2024; He et al., 2024) and in the Chang’e 5 samples (He et al., 2024). These
1



47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
&9
90
91

additional Mg-rich samples may be cogenetic with the Mg-suite. However, some are KREEP-
poor compared to the Mg-suite (Treiman et al., 2010; He et al., 2024). The absence of a KREEP
signature in these Mg-rich cumulates may be linked to lunar crustal dichotomy. Remote sensing
data restricts enrichments of radioactive elements associated with ur-KREEP to the nearside
Procellarum KREEP Terrane (PKT) and the farside South Pole-Aitken Terrane (SPAT)
(Lawrence et al., 2000; Metzer et al., 1973, 1977; Jolliff et al., 2000; Martinot et al., 2020), while
likely exposures of Mg-rich cumulates have been identified across the lunar surface (Lucey and
Cahill, 2009; Klima et al., 2011; Jolliff et al., 2000; Taylor, 2009; Prissel et al., 2014a; Shearer et
al., 2015; Hulsey et al., 2024). Much of these identified Mg-rich exposures lay outside the PKT,
and SPAT, and may therefore be the source of the KREEP-poor Mg-rich cumulate samples.
Additional petrogenetic differences may also exist between KREEP-rich and KREEP-poor Mg-
rich samples, as suggested by James and Flohr (1983), Treiman and Gross (2015), Prissel et al.
(2016), and Gross et al. (2020). The complex characteristics of Mg-suite samples have led to
varying models for their formation. Shearer et al. (2015) provided a comprehensive summary of
models for Mg-suite petrogenesis which include: (1) impact melting and differentiation (Taylor
et al., 1993; Hess 1994; McKay et al., 1979), (2) co-magmatism with the primary FAN (Ferroan
Anorthosite) crust (Wood, 1975; Longhi and Boudreau, 1979; McCallum, 1983) (3) post Lunar
Magma Ocean (LMO) KREEP remelting and remobilization (Hess et al., 1978; Hess, 1989;
Snyder et al., 1995) (4) decompression or radioactive decay induced melting of early LMO
cumulates (Warren and Wasson, 1977; James and Flohr, 1983; Warren, 1986; Papike et al.,
1994; Papike et al., 1996; Snyder et al., 1992), and (5) melting of a hybridized LMO cumulate
and KREEP lithology in either the upper or lower mantle (Shearer et al., 2006; Shearer and
Floss, 2000; Shearer and Papike, 1999, 2005; Elardo et al., 2012).

Shearer et al. (2015) present several lines of evidence opposing the impact melting model,
including the required mass balance between the impactor and the crust, the depth of Mg-suite
formation (30-50 km) in comparison to common buried impact melt sheet depths, and the pre-
Nectarian ages of Mg-suite samples which are older than most large near-side craters.
Consequently, models that incorporate decompression melting of rising cumulates as the source
of the primary Mg-suite parental liquid, which subsequently interacts with ur-KREEP, forming
the Mg-suite parental liquid, have gained favor in the lunar science community. This model can
effectively reproduce the mineralogy of the Mg-suite and their trace element enrichments in
Apollo Mg-suite samples (Elkins-Tanton et al., 2002; Laneuville et al., 2013). However, the
necessity of an ur-KREEP contribution to Mg-suite petrogenesis has been questioned (e.g.,
Shearer et al., 2015; Elardo et al., 2020), and the nature of the temporal relationship between the
Mg-suite, ur-KREEP, and FAN needs to be resolved.

To complete the objectives of this work and confirm a model for Mg-suite petrogenesis, it
is essential to first reconcile its chronological relationship with FAN and ur-KREEP. While
extrapolations from multiple geochronometers (Pb-Pb, Ar-Ar, Rb-Sr, and Sm-Nd) suggest that
the Mg-suite is contemporaneous with FAN at 4359 &= 9 Ma (Borg et al., 2020) and ur-KREEP at
4368 + 29 Ma (Gaftney and Borg, 2014; Snape et al., 2016; and Maurice et al., 2020), Nelson et
al. (2021) demonstrated through diffusion chronology that Mg-suite plutonic bodies initially
cooled more rapidly, placing their formation around 4.33 Ga. Ages consistent with this younger
age are common in Mg-suite samples, having been observed in samples 78236 (4333 £+ 59 Ma;
Edmunson et al., 2009), 67667 (4349 + 31 Ma and 4368 + 67 Ma; Borg et al., 2020), and 77215
(4368+42 Ma; Zhang et al., 2021). This chronological data, clustered around 4.33-4.35 Ga,
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suggests that the Mg-suite represents a pulse of magmatism occurring approximately 20 Ma after
the segregation of FAN.

To elucidate the mechanisms behind the KREEP signature in the Mg-suite, further analyses
of Mg-suite samples are required. The results of these analyses can then be used to model trace
element concentrations in their parental liquids. Such an exercise might focus on REEs, given
their sensitivity to magmatic processes and well-constrained partitioning behavior in lunar
magmas. REEs also function as quantitative tracers of crystallization and fractionation processes
(Hess, 1989) which are used to explore the petrogenesis of the parental liquid.

The first objective of this work is to re-analyze the trace elements in plagioclase from Mg-
suite sample 76535-11 using microanalytical techniques. Sample 76535 was selected for this
work as it is considered the most pristine Mg-suite sample (Warren, 1993). Previous studies
(Haskin et al., 1974; Borg et al., 2017) have reported trace element concentrations for 76535
through solution-based analyses of mineral separates. Haskin et al. (1974) measured REEs in
grain separates from 76535-21 and 76535-22 through isotope dilution. Borg et al. (2017)
analyzed REE grain separates of 76535-11 using inductively coupled plasma mass spectrometry
(ICP-MS).

Analyses of bulk mineral material limit observations of inter- and intra-grain heterogeneity.
Plagioclase from 76535 (Nelson et al., 2021) and other Mg-suite samples (Shervais and McGee,
1998) contain notable albitic rims, which may be REE-rich, skewing the analysis. To address
these issues, we utilized three microanalytical techniques to measure inter- and intra-grain
chemistries: electron probe microanalysis (EPMA), secondary ion mass spectrometry (SIMS),
and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). Thirty-three
trace and minor elements were measured in this study, including but not limited to major
elements, first-row transition elements (FRTE), rare-earth elements (REE), large-ion lithophile
elements (LILE), and high field strength elements (HFSE). Seventeen of these elements have not
been previously reported for plagioclase from 76535, and eleven have never been reported for
any phase of 76535.

The second objective of this study is to build on these methods and estimate the true Mg-
suite parental liquid by (1) utilizing the improved characterization of the REE concentrations
within sample 76535 obtained for this work and using improved partitioning behaviors calibrated
for lunar magmas, (2) verifying that the measured REE concentrations reflect magmatic
conditions, and (3) employing a parental liquid forward model which more accurately estimates
the Mg-suite parental liquid. The Earlier estimates of the REEs in the Mg-suite parental liquid
performed by Haskin et al. (1974), Papike (1996), and Shervais and McGee (1998) are shown in
figure 1. These estimates used experimentally determined partition coefficients to invert REE
data from major phases within 76535 and other Mg-suite norites and troctolites. We note that this
inversion method estimates the REE concentration of the liquid in equilibrium with the measured
phases and is highly sensitive to variations in REE concentration and partition coefficient. The
accuracy of the inversion also relies on the assumption that the measured REE concentrations
reflect magmatic conditions and are free from subsolidus alteration. Given the lengthy subsolidus
cooling history of 76535 (estimated cooling rate of 3.9 C/ Myr, Borg et al., 2017), there is a
possibility of readjustment of REE abundances due to subsolidus diffusion, which needed to be
accounted for. Furthermore, the estimated equilibrium liquids are likely more REE-enriched than
the true Mg-suite parental liquid, as the phases measured in those studies were likely not on the
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liquidus of the true parental liquid but were likely in equilibrium with a residual liquid along the
liquid line of descent which is comparatively more REE-enriched (Treiman, 1996).

The final objective of this work is to constrain the extent of ur-KREEP assimilation to the
Mg-suite parental liquid. Using the estimated parental liquid REE concentrations, we can explore
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Figure 1. Mg-suite parental liquid REE concentrations estimated by inverting REE data from
Mg-suite samples with mineral-melt partition coefficients. These estimations show a clear
similarity with the plotted ur-KREEP compositions. However, the phases used in these
inversions were likely not liquidus phases and, therefore, reflect the fractioned residual liquid
in equilibrium with the measured phase instead of the true Mg-suite parental liquid. Haskin
et al., 1974 data are from plagioclase from 76535-21,22, Papike, 1996 data are averages of
Apollo 17 norites, Shervais and McGee (1998) data are averages of Mg-suite troctolites from
Apollo 17 and 14.

its petrogenesis by trying to reproduce it through the mixing of possible Mg-suite primary
parental liquid compositions with modeled ur-KREEP compositions. By constraining the extent
of ur-KREEP assimilation, we can improve upon current models of Mg-suite formation, which is
a key factor in the internal evolution of the Moon. Importantly, we also demonstrate through this
study that geochemical characterization of only a few mineral grains can provide vital
information about the petrogenesis of the sample. We therefore present an approach of
maximizing scientific output from returned planetary samples in the future, including the
Artemis missions.

BACKGROUND - Petrographic and Geochemical Characterization of 76535
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150  Sample 76535 is a 155.5 g troctolite sample collected during a rake. The mineralogy and major
151  element chemistry of 76535 have been extensively described (Dymek et al., 1975; Gooley et al.,
152 1974; Haskin et al., 1974a, 1974b; Bogard et al., 1975; Nord et al., 1976). The mineralogical
153  composition corresponds to 58% plagioclase (An96.2), 39% olivine (Fo87.3), and 2%

154  orthopyroxene (Wo00.9, En84.1, Fs11.3), with trace amounts of clinopyroxene, chromite spinel,
155 apatite, baddeleyite, merrillite, and Fe-Ni alloy. 76535 has a cumulate texture, with the majority
156  of accessory minerals found in mesostasis assemblages. Thermobarometric calculations for

157 76535 crystallization indicate a 0.2-0.3 GPa and 800-1000 °C cooling regime (Gooley et al.,
158  1974; McCallum and O’Brien, 1996; Schwartz and McCallum, 1999, 2001; White et al., 2020).
159 Borgetal. (2017) used a combination of multiple geochronometers, Sm-Nd, Ar-Ar, and Rb-Sr,
160  and assumed a linear cooling rate to calculate a solidus age of 4384 + 24 Ma for 76535 and a
161  subsolidus cooling rate of 3.9 °C/Ma. These data are consistent with low-pressure granulite

162  facies metamorphism evidenced by grain annealing and numerous triple-grain junctions. The
163 possible effects of this metamorphism on the chemistry of 76535 will be discussed in greater
164  detail below.

165 The plagioclase separates from 76535-11 used in this study were previously analyzed for
166  isotopic and bulk chemistry. They were prepared and analyzed by Papanastassiou and

167  Wasserburg (1976) for Rb-Sr and analyzed by Borg et al. (2015, 2017) for Rb-Sr and Sm-Nd
168  systematics. A full description of the preparation of these grains can be found in their work.

169  Briefly, Papanastassiou and Wasserburg (1976) disaggregated the subsample, repeatedly crushed
170 it and sorted it into mineral separates. During this process, cumulus plagioclase grains,

171  originally ~1 cm (Gooley et al., 1974), were crushed into smaller grains of various sizes. The
172 most important effect of this process on this work is the potential for the analyzed material to
173 contain either core pr rim material or a mixture of both. A determination of the origin of the
174  analyzed grains is included later on.

175

176  METHODS

177  For this study, four plagioclase grain separates from 76535-11 were requisitioned from the

178  Astromaterials Allocation Review Board (AARB). These 1 mm diameter grains (denoted as P-1
179  to P-4) were mounted in indium and polished using diamond lapping film with 15 and 9 pm
180  grits, followed by powdered diamond abrasives with 3 and 1 um grits. The chemistry of these
181  mounted grains was then analyzed through an Electron Probe Micro Analyzer (EPMA),

182  Secondary lon Mass Spectrometry (SIMS), and Laser Ablation Inductively Coupled Mass
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Figure 2. Reflected light photographs of the plagioclase separates with the locations of the
different analysis techniques indicated. Grains were polished between analyses to provide
adequate surface space for subsequent analyses. Grains P-1 and P-4 show good cleavage
into/out of the image plane. However, no systematic chemical variation was observed

between P-1/P-4 and P-2/P-3. Letters indicate locations of EPMA (A-A', E-E', and H-H') and
SIMS (B-B', C-C', D-D', F-F', G-G', H-H', I-I', and J-J') transects.

Spectrometry (LA-ICP-MS). Complete raw data files from these analyses are available in the
supplementary information. Si, Al, Ca, Na, K, Mg, Mn, Fe, Cr, Ti, and Ba concentrations were
measured on grains P-1, P-2, and P-4 using a Cameca SX100 EPMA at the University of Arizona
Kuiper-Arizona Laboratory for Astromaterials Analysis under the following operating
conditions: an accelerating voltage of 15 keV, a beam current of 10-20 nA, and a 5 ym beam
diameter. This beam diameter was chosen to limit Na migration during analysis (Kuehn, 2016).
The complete list of standards used is provided in the supplemental material., Count times were
10 seconds for Na, Ba, and K and 20 seconds for all other elements. Peak and background counts
for individual elements are included in the supplemental materials.

Table 1. 76535-11 Major Element

P-1 P-2 P-4
Si0,  43.7:0.4 42.6%0.4 44.3+0.4
ALO;  36%0.5 34.8+0.5 35.9+0.5
MgO  0.09+0.02 0.3+0.03 0.0120.02
FeO  0.03+0.04 0.12+0.05 0.03+0.04
Ca0  19.6%0.2 19.3+0.2 19.4+0.21
Na;0  0.4+0.08 0.37+0.08 0.47+0.09
K0  0.05£0.03 0.05+0.03 0.06+0.03

Measured using EPMA, errors are 2 SD.
Averages of 25 (P-1), 26 (P-2), 23 (P-4) analyses



Table 2. 76535-11 Trace Element from LA-ICP-MS

P-1 P-2 P-3 P-4
Li 7 2.254+1.756 1.952+1.450 1.940+1.696 2.182+1.336
B11 1.779+0.270 1.790+0.276 1.722+0.336 1.724+0.294
Sc 45 1.826+0.004 1.829+0.005 1.785+0.004 1.911+0.004
Ti 49 56.997+35.993 77.134+40.896 76.317+46.531 80.311+48.858
V51 2.006+0.629 1.994+0.587 1.652+0.401 1.864+0.539
Mn 55* 5.474+0.912 5.610+1.654 5.384+1.262 5.600+0.848
Fe57* 223.388+75.221 253.978+178.571 216.271+81.562 216.350+39.293
Ni 58* 2.125+6.971 10.566+28.540 1.136+0.440 1.141+0.249
Cu 65* 0.536+0.198 1.055+1.289 0.3700.210 0.264+0.275
Zn 66* 0.509+0.140 1.326+1.864 0.488+0.179 0.503+0.154
Ga71* 1.872+0.126 1.877+0.153 1.985+0.167 2.036+0.183
Rb 85* 0.257+0.081 0.3010.086 0.249+0.057 0.356+0.066
Sr 86* 109.764+6.051 113.016+6.279 112.504+9.469 112.022+9.332
Y 8o* 0.962+0.410 1.265+0.537 1.167+0.489 1.247+0.388
Zr 90* 0.344+0.044 1.101+3.653 1.833+3.635 0.3610.220
Cd111* 0.035+0.009 0.0290.010 0.035+0.014 0.053+0.020
La 1394 1.317+0.163 1.319+0.499 1.267+0.135 1.305+0.157
Ce 1404 3.533+0.426 3.440+1.204 3.3160.327 3.573+0.585
Pr141% 0.426+0.044 0.3990.047 0.400+0.035 0.423+0.066
Nd 1464 1.767+0.207 1.746+0.687 1.676+0.143 1.737+0.341
Sm 1474 0.423+0.047 0.438+0.206 0.4130.073 0.424+0.061
Eu 151% 0.664+0.032 0.646+0.040 0.625+0.039 0.6190.029
Gd 1604 0.378+0.056 0.382:0.185 0.381:0.087 0.3890.042
Th 1594 0.054+0.008 0.056+0.029 0.058+0.017 0.057+0.006
Dy 1634 0.254+0.063 0.265+0.140 0.277+0.081 0.285+0.027
Ho 1654 0.040+0.015 0.0420.026 0.045+0.011 0.047+0.006
Er 1664 0.085+0.034 0.0870.052 0.098+0.025 0.1030.013
Tm 1694 0.007+0.005 0.007+0.005 0.0090.002 0.0090.002
Yb 174% 0.0330.010 0.096+0.068 0.046+0.012 0.0610.004
Lu 175% 0.003+0.002 0.003+0.002 0.004+0.001 0.004+0.001
Pb 208* 0.028+0.006 0.026+0.014 0.0290.006 0.0310.011
Th 232* 0.005+0.003 0.004+0.003 0.004+0.003 0.006+0.015
U 238* 0.0010.001 0.0010.001 0.000+0.001 0.001+0.008

Analyzed using the X-Series Il (unless otherwise indicated)

* Analyzed using the Element™
1 Analyzed using the Element™ and normalized to Ba

Errors are 2 SD
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Figure 3. EPMA data from transects of grains P-1, P-2, and P-4. EPMA transects are
represented by red lines in figure 1 and are labeled A-A’, F-F’, and J-J".

193 P-2, and P-4 using a Cameca IMS 6f SIMS at Arizona State University’s School of Earth and
194  Space Exploration. Calibrations were performed using synthetic NIST glasses (SRM 610, 612,
195  and 614) and natural USGS glasses (GSE-1G, GSA-1G, and GSD-1G). Mg, Ti, K, Fe, and Li,
196  measured with a primary beam current of ~4nA in 20 mu m diameter spots arranged in transects
197 B-B’, F-F’, and J-J’ shown in figure 2. Li, Y, Ba, La, Ce, Nd, Sm, and Eu, measured with a

198

beam current of ~4 nA in 15 mu m diameter spots, analyzed in transects C-C’, D-D’, G-G’, H-
199 H’, and K-K’.

200
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Figure 4. LREE concentrations measured in orthogonal SIMS analysis transects of grains P-1
(C-C°, D-D’) and P-2 (G-G’, H-H’). The location of these transects 1s shown in figure 1 by
black lines. Outliers have been removed based on the Z score and the homogeneity index
(discussed further below). The analysis transect of P-4 is available in the supplemental material.

201 Twenty-nine trace and four minor element concentrations in all four grains were measured
202 by LA-ICP-MS at the University of Arizona geosciences department. Measurements were

203  performed using an Element™ Series high-resolution ICP-MS and an X-Series II multi-collector
204  ICP-MS. Both ICP-MS instruments were couplad to an NWR femtosecond laser with a 100% He
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Figure 5. Semi-log plot of REE concentrations of each grain measured on the Element™ high-
resolution IC-PMS normalized to chondritic REE values from McDonough and Sun (1995)
with 2 SD errors shown. These measurements from this study (P-1, P-2, P-3, and P-4) plot
slightly below the solution-based results of Borg et al. (2017) and Haskin et al. (1974). The
higher concentrations observed by Borg et al. (2017) and Haskin et al. (1974) may be due to
impurities in the digested material., Such impurities may include REE-enriched mineral rims
or REE-rich non-plagioclase phases. The positive Yb anomaly may also be due to low total
counts and natural abundances of even-numbered Elements.

carrier gas. 4 separate ablations lasting 20 seconds each were conducted on each grain in a series
of 300 pm line scans with a 50 um diameter spot size. Three of the ablations were run at 2.8 #,

while the final ablation, which measured the REEs, was run at 7.7 # A repetition rate of 250 Hz

was used for each analysis. Data reductions, including background subtraction, calibration
surface creation, and drift corrections, were carried out in Iolite 4™ using the 3D trace element
data reduction scheme (Paton et al., 2011; Paul et al., 2023). Trace element yields were
normalized to NIST (SRM 616, 614, 612, and 610) and USGS glasses (BHVO, BCR)—a full
table of analysis parameters is available in the supplemental materials.

RESULTS

Major and minor element analyses were completed on the plagioclase grain separates. Analytical
results for major elements of grains P-1, P-2, and P-4, as measured by EMPA, are reported in
table 1 and figure 3. The average An content of the three measured grains is 97.6 + 6, which is
consistent with previous measurements of 76535 plagioclase (Haskin et al., 1974; Borg et al.,
2017) and plagioclase within the wider Mg-suite (Shearer et al., 2015). Minor element
measurements from EMPA and SIMS (table 1 al%d figure 4) are in good agreement.



\
1 d \\\ 1
R ~ s AN L
10 = N A AN 10
———— T Tmee L ’ e LAY
= o LR
/
N
7

10 1 10

Concentration/Chondrite
o
I
@
[
1
[
o
®
!
o

10 1 St 10

RN S AR R IR N S BRI IR IR
N A A I R A RN ARV RS SR PN S

Literature Values: This Study:
--@-- Haskin et al. (1974) -@- P1 O P3
@ Borgetal. (2017) O P2 -@- P4

Figure 6. Semi-log plot of REE concentrations of each grain measured on the X-Series 11
multi-collector ICP-MS normalized to chondritic REE values from McDonough and Sun
(1995) with 2 SD errors shown. These measurements, like those made by the Element™ plot
slightly below the solution-based results of Borg et al. (2017) and Haskin et al. (1974).
Figure 7. Estimated diffusion profiles between plagioclase and olivine calculated at constant
Nd diffusivity plotted at 5 Ma intervals. Diffusion profiles extend a maximum of 300 \mu m
into the plagioclase grains. This diffusion profile calculated using the chosen Nd diffusivity
of 1.12 x 102 m/s?, which corresponds to 900 °C and An93, represents an upper bound on
possible diffusive profiles. The SIMS analysis transects for P-1 (C-C’ and D-D’) are also
plotted to show the inconsistency of the measured concentration topography with the
predicted diffusion profiles.

221 The results of the SIMS transects are recorded in figure 4. Measurements for both groups
222 of elements were normalized to the counts of Si, and a correction for BaO interference with Eu
223 was applied (Hinton, 1990). Because the chemistry of the plagioclase crystals does not change
224 (relative to the uncertainty of analysis) across the grain, we would label the crystals as

225 homogeneous. Because the grains are not in situ, their rims cannot be identified with certainty.
226  Nevertheless, the fact that all grains are compositionally consistent across their surfaces implies
227  minimal zoning in the sample and supports the interpretation that the material measured for this
228  work comes from grain cores. The quantification of this homogeneity in LREEs will be

229  discussed later on.

230 The results of the LA-ICP-MS are shown in table 2. These analyses reveal enrichments in
231  LREEs between 1- and 10-times chondritic values. HREEs are depleted by about 0.1 times
232 relative to chondrites. The SIMS and LA-ICP-MS analyses deliver similar abundances for Ba,
233 Sr,and Y. The increased counts on the LA-ICP-MS allow for better, higher precision

234  measurements of HREEs, which range from ~3 to ~400 ppb. The positive Yb anomaly seen in P-
11
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2, P-3, and P-4 may be an artifact of the low total counts for individual HREEs and the naturally
more abundant even-numbered elements. Notwithstanding, the La/Yb ratio of the samples ranges
from 10 to 30, consistent with previous measurements of 76535 plagioclase (Haskin et al., 1974;
Borg et al., 2017). The solution-based ICP-MS of 76535-11 by Borg et al., 2017 is also reported
in figures 5 and 6. The separation of the HREE data from Borg et al. (2017) and that of this study
may arise from impurities within the mineral separates and the mixture of grain cores and rims,
which may have different REE concentrations in the dissolved material for the solution-based
methods, highlighting the importance of in-situ characterization over bulk characterization in this
context.

DISCUSSION

Determining the petrogenesis of the Mg-suite requires an accurate characterization of its parental
liquid. Fixing the parental REE composition allows us to evaluate the hypotheses that ur-
KREEP material contributed to the petrogenesis of the Mg-suite. The inversion method
used by previous studies for estimating REEs in the Mg-suite parental liquid estimate
the concentrations of the residual liquid at the point on the liquid line of descent where
the analyzed material was on its liquidus. To accurately assess the potential for ur-KREEP
assimilation, the ‘true’ parental liquid of Mg-suite magmas is needed.

To this end, a Python-based forward model was created, which utilizes a modeled Mg-suite
liquid line of descent (LLD). The accuracy of this forward model relies on first determining that
the sample preserves its magmatic chemistry (Shervais and McGee, 1998). We present here two
lines of evidence that support the assumption that the REE measurements we performed are
representative of magmatic conditions. The first is the statistical quantification of the
homogeneity of these grains, as revealed by the SIMS analysis transects. The second is a
calculation of diffusive profiles within plagioclase, which explores possible subsolidus diffusion
of REEs.

Grain Homogeneity

A significant advantage of our microanalysis studies is the ability to detect intragrain
heterogeneity at a scale of a few tens of microns, which is not achievable with solution-based
analyses. Characterizing the homogeneity of REEs within 76535 plagioclase serves to increase
the confidence of our measured REE values as it provides a criterion to reject anomalous
measurements. Additionally, a homogeneous sample will be free from concentration gradients,
the products of slow crystallization or subsolidus diffusion. Both of these effects serve to
increase the confidence of our modeled parental liquid.

Quantifying a sample’s homogeneity requires distinguishing the effects of the measurement
uncertainty from true compositional variations within the material., Harries (2014) presents a
model to estimate the contribution of compositional heterogeneity S;, and measurement
uncertainty (S,,,s) to the combined uncertainty budget (S.) of geologic reference materials. This
model creates a statistically sound method for quantifying the homogeneity of the sample
through a homogeneity index (H) and F statistics. Equation 1 shows the relationship presented by
Harries (2014), where S,

o EGS) S 0
E(Smeas) Srms

12
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Table 3. Homogeneity Indices

P-1(N=231) Sims S. H F2 Test Passed

Li 0.283 0.308 1.09+0.14 1.298 YES

Y 1.867 0.644 0.34+0.04 1.298 YES

Ba 8.827 1.801 0.20+0.03 1.298 YES

La 1.242 0.394 0.32+0.04 1.298 YES

Ce 2.397 0.889 0.37+0.05 1.298 YES

Nd 2.246 0.381 0.17+0.02 1.298 YES

Sm 1.305 0.174 0.13+0.02 1.298 YES

Eu 1.027 0.085 0.08+0.01 1.298 YES
P-2 (N =28) Sims S. H F2 Test Passed

Li 0.242 0.243 1.00+0.13 1.284 YES

Y 2.282 1.004 0.44+0.06 1.284 YES

Ba 7.427 0.688 0.69+0.09 1.284 YES

La 1.347 0.462 0.34+0.05 1.284 YES

Ce 2.672 1.096 0.41+0.05 1.284 YES

Nd 2.157 0.445 0.21+0.03 1.284 YES

Sm 1.211 0.218 0.18+0.02 1.284 YES

Eu 0.757 0.125 0.15+0.02 1.284 YES
P-4 (N=6) Sims S. H F2 Test Passed

Li 0.309 0.237 0.77+0.24 1.737 YES

Y 2.732 0.913 0.33+0.11 1.737 YES

Ba 9.557 2.302 0.24+0.08 1.737 YES

La 2.537 0.732 0.29+0.09 1.737 YES

Ce 6.290 1.571 0.25+0.08 1.737 YES

Nd 3.896 0.784 0.20+0.06 1.737 YES

Sm 1.469 0.204 0.14+0.04 1.737 YES

Eu 0.938 0.176 0.19+0.06 1.737 YES
Combined Sims Sc H F12 Test Passed

Li 0.264 0.331 1.25+0.11 1.204 NO

Y 2.100 0.851 0.41+0.04 1.204 YES

Ba 8.180 3.655 0.45+0.04 1.204 YES

La 1.408 0.459 0.33+0.04 1.204 YES

Ce 2.954 1.051 0.36+0.03 1.204 YES

Nd 2.344 0.449 0.19+0.02 1.204 YES

Sm 1.259 0.195 0.16+0.01 1.204 YES

Eu 0.926 0.116 0.12+0.01 1.204 YES

Errors on H values are minimum uncertainty of H calculated following methods in Harries
(2014).
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root mean square of the uncertainties of the mass fractions. A homogeneous material will,
therefore, return an H value of ~1. The homogeneity index (H) is the square root of a variance
ratio, and it follows, therefore, that H? is a variance ratio that can be used to test the null
hypothesis shown in equation 2. In this hypothesis, E(S,) represents the expected variance of the
combined uncertainty, and

E(Scz) = E(Srzneas) (2)

E (Sieqs) 1s the expected variance due to measurement uncertainty. Equation 3 outlines the
F-test used to calculate the probability of rejecting the null hypothesis. Fiq 4, +,) is the critical F
value which incorporates the degrees of freedom of S, and S,,,5, v; = N-1 and v, = infinity
respectively. The

H% > Flanoy) (3)
significance level alpha was set at 0.01, corresponding to the probability of falsely
rejecting the null hypothesis (considering a homogeneous material heterogeneous).

Failing to reject the null hypothesis in this test boosts our confidence in the spatial
homogeneity of the sample. This outcome also provides a basis for dismissing outlier values as
unrepresentative. The calculations of the homogeneity index and the subsequent F test using the
SIMS transect data are detailed in table 3. The analyzed grains contain no detectable
heterogeneity, with the majority of H values being <1. Additionally, we calculated a
homogeneity index for the combination of the three grains, which revealed measurable inter-
grain heterogeneity in lithium only. The observed high inter-grain (excluding Li) and intra-grain
homogeneity align with previous assessments of mineral chemistry in sample 76535 (Haskin et
al., 1974). In the absence of complete diffusive homogenization, this result suggests that the
measured REE concentrations accurately reflect the magmatic concentrations of the parental
liquid at the time of crystallization. In the following section, the potential for diffusive
homogenization is explored.

Subsolidus Diffusion of Trace Elements

The slow cooling and granoblastic texture of the original 76535 plagioclase necessitates
consideration of subsolidus diffusive processes to assess the suggestion that the measured trace
element concentrations reflect plagioclase-magma equilibrium conditions (Shervais and McGee,
1998; Warren et al., 1993). Given the nature of the plagioclase separates it is possible that the
material measured for this work, represents entirely grain core or rim material, or a mixture of
both. To this end, we employed a one-dimensional diffusion model that simulates the migration
of Nd from plagioclase into neighboring olivine. Our objective with this exercise is to define a
possible Nd diffusion profile within a hypothetical 76535 plagioclase and compare those
estimates to the topography of Nd concentrations in the SIMS analysis transects. The result of
this exercise will be determining whether the measured material is grain core material, and the
extent that that Nd has been affected by diffusion. Given their limited range of ionic radii, the
result of this exercise is expected to be applicable to all REEs, not just Nd. The model utilized a
one-dimensional, non-steady-state diffusion framework, treating the plagioclase and surrounding
olivine as discrete segments, with Dirichlet boundary conditions applied at both ends. Diffusion
was modeled using an analytical solution to Fick's Second Law (Mehrer, 2007) shown in
equation 4, where ¢; and ¢, denote the concentrations in plagioclase and olivine, respectively, D
represents the diffusivity of Nd in plagioclase, and t represents time in millions of years.

14
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Figure 7. Estimated diffusion profiles between Plagioclase and olivine calculated at constant
Nd diffusivity plotted at 5 Ma intervals. Diffusion profiles extend a maximum of 300 \mu m
into the plagioclase grains. The chosen Nd diffusivity of 1.12 * 1023 m? /s corresponds to
900 °C and An93 represents an upper bound on possible diffusive profiles. The SIMS analysis
transects for P-1 (C-C’ and D-D’) are also plotted to show the inconsistency of the
concentration topography with the predicted diffusion profiles.

323

324 c(x,t) = &—c) (1 + erf<L)> (4)
2 2v/Dt

325 The initial Nd of plagioclase in the model was set at 2.615 ppm, the Nd measured in 76535-

326 11 plagioclase by Borg et al., 2017 and the initial Nd in olivine was 0.125 ppm as measured in
327 76535, 21-22 by Haskin et al., 1974. The Nd diffusivity used in this model was calculated for
328  An93 at 900 °C using the Arrhenius relation outlined in equation 4 (Cherniak et al., 2003), where

329 R represents the gas constant (8.3 14 x 1073 % ‘K ) and T is the temperature in Kelvin.
330  Diffusivity in plagioclase

—398
331 D = 591076 exp (T) (5)
332 is inversely. Correlated with both temperature and calcium content (Cherniak et al., 2003),

333  therefore holding diffusivity constant at 1.12 x 10723 522’ the value corresponding to 900 °C for
334  An 93, estimates an upper limit for potential diffusion in the An 97 plagioclase from 76535.

335 Diffusion was modeled this way over 20 Ma, consistent with the subsolidus cooling rate of 3.9

336 Mi defined by Borg et al. (2017) from the solidus at approximately 900 °C, as determined by

337  RhyoliteMELTS (Gualda et al., 2012; Ghiorso et al., 1995; Asimow and Ghiorso, 1998), to the

338  closure temperature of Nd in Plagioclase around 825 °C, (Borg et al., 2017). The modeled

339  diffusion profiles generated from this solution are presented in figure 7. The modeled diffusion

340  profiles after 20 million years extend a maximum of 300 um into the plagioclase grains, with

341  pronounced diffusion occurring near the grain edges. This diffusion creates a profile that matches
15
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Na ka X-ray intensity maps of 76535-55 plagioclase (Nelson et al., 2021) and 14321 (Shervais
and McGee, 1998) and would be detectable with the analytical precision of the SIMS. The SIMS
analyses transects revealed no core-to-edge diffusive profiles or noticeable heterogeneity,
suggesting that the measured REE concentrations sample the core of original plagioclase grains
and represent magmatic conditions. The absence of observable diffusion profiles suggests that
the material sampled in this study originated from the core of cumulus plagioclase grains.
Therefore, we feel confident in the assumption that the measured concentrations of Nd and other
REEs are magmatic.

Estimating Parental Melt Composition

We estimated the unfractionated Mg-suite parental liquid using a Python-based forward model.
This model relies on a modeled LLD created using the thermodynamic code RhyoliteMELTS
1.0.2 (Gualda et al., 2012, Ghiorso et al., 1995; Asimow and Ghiorso, 1998). The LLD was
calculated using a potential Mg-suite parental liquid major element composition first proposed
by Longhi et al., 2010 and adapted by Prissel et al., 2016 as a starting liquid, which was then
fractionally crystallized from the liquidus at approximately 1544 °C to 900 °C. This major
element composition was selected because it has been shown to reproduce the mineralogy of the
Mg-suite troctolites (Prissel et al., 2016). RhyoliteMELTS-defined LLD provides the mass
fraction and composition of Minerals being fractionated from the starting liquid at each
temperature step. The pressure for these calculations was set at 0.26 GPa, consistent with
available Thermobarometric data (Gooley et al., 1974; McCallum and O’Brien, 1996; Schwartz
and McCallum, 1999, 2001; White et al., 2020). The forward model then ascribes an initial guess
for each REE to the starting liquid, which is then fractionated into each phase as it forms based
on the calculated mineral-melt partition coefficient for spinel, olivine, plagioclase,
orthopyroxene, and clinopyroxene. The methods for calculating these partition coefficients are
detailed in the following sections. The forward model, therefore, produces a set of fractionated
minerals with their equilibrium REE content at each temperature step along the LLD. The initial
guess of each REE in the parental liquid was then varied until a plagioclase with REE
concentrations matching those measured in the 76535 plagioclase was fractionated within a
target temperature window (1244 °C -1256 °C). The target temperature window was determined
as the range of temperature where the fractioned mineral most closely matched the modal
mineralogy of 76535. The input files used in calculating the LLD RhyoliteMELTS input and
output files are included in the supplemental materials available on ReData (See Appendix B).
The method for calculating the unfractionated parental liquid is outlined in figure 8 and the
results of this forward model are shown in figure 9.

This exercise reveals a parental liquid with a strong resemblance to calculated ur-KREEP
compositions, being enriched to 100s of times chondritic values with a decreasing trend towards
HREEs. Additionally, inversion was used to estimate the fractionated parental liquid when
plagioclase was on the liquidus using the data from this study along with data from Borg et al.
(2017), Haskin et al. (2017), and Shervais and McGee (1998). The plagioclase-melt partition
coefficients for these inversions were calculated at 1271 °C; the temperature that plagioclase
appears on the liquidus, as defined by RhyoliteMELTS. These fractionated liquids, plotted in
figure 9, show additional enrichments in REEs. Finally, we inverted the 78235 norite plagioclase
compositions from Papike (1996) which is more enriched still. These estimates and the

unfractionated parental liquid may represent various points along the crystallization of a single
16
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Figure 8. Flow chart outlining the process of calculating the unfractionated parental liquid
through the forward model and inversion. Green squares represent the processes involved in
estimating the parental liquid and the purple squares shows where in the petrogenesis of the
Mg-suite these estimated liquids fit.

magma. Now that we are confident in the accuracy of our estimated parental liquid composition,
we explore the petrogenesis of the Mg-suite and assess the extent of ur-KREEP assimilation.

Mineral-melt Partition coefficients
Partition coefficients between the phases of the RhyoliteMELTS-defined LLD and the residual
liquid are required to recreate the parental liquid. These coefficients, representing the expected
concentration ratio of an element between two phases, can be sensitive to various factors and
have been the topic of extensive experimental investigations. Previous estimates of the Mg-suite
parental liquid used a range of published partition coefficients to invert measured sample REE
data (Haskin et al., 1974; Papike 1996; Shervais and McGee, 1998; shown in figure 1) The

17
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Figure 9. Semi-log plot of the estimated parental liquids normalized to chondritic REE values
from McDonough and Sun (1995). Errors on parental liquids from this study are two standard
error, calculated through a Monte Carlo simulation following the methods of Anderson, 1976.
For most points, the errors are too small to see at this scale. Ur-KREEP compositions are
plotted as squares to distinguish them from estimated parental liquids.

parental liquid in both the inversion methods and the forward model presented in the previous
section are highly sensitive to the partition coefficient values, necessitating careful consideration
of how the values are determined.

The partition coefficients for olivine, orthopyroxene, clinopyroxene, and plagioclase were
calculated using the lattice strain model proposed by Blundy and Wood (2003) shown in
equation r. In this
—4EN, (71 2 1 3
—r— (2 (o= 300 =n)’) ®

model, D, represents the strain-free partition coefficient, r, the strain-free lattice site ionic
radius, and E|), the effective Young’s modulus of the crystal lattice. Parametrization of these
variables for olivine, orthopyroxene, and clinopyroxene was calculated through regression of
existing experimental data by Sun et al. (2014). The pressure for the partition coefficient
calculations was likewise set at 0.26 GPa, consistent with available Thermobarometric data
(Gooley et al., 1974; McCallum and O’Brien, 1996; Schwartz and McCallum, 1999, 2001; White
et al., 2020). A similar parametrization for plagioclase was performed by Sun et al. (2017),
which incorporates experimental data produced by Sun et al., using lunar magma compositions.
These parameterizations have been shown to fit 1t§1e available experimental data at a range of

min-melt __
DREE = Dy exp [
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Mixing Exercise:
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Figure 10. Semi-log plot showing the mixing exercise between the 15426 green glass (Borg
et al., 2019) and the ur-KREEP concentration modeled by Warren et al., 1989 in comparison
to the estimated Mg-suite parental liquid, both normalized to chondritic REE values from
McDonough and Sun (1995). In this scenario, the ur-KREEP concentrations are more
enriched in LREEs, similarly to the estimated parental liquid, negating the need for
additional alteration of REEs with the parental liquid.

pressure, temperature, and liquid composition. No parametrization currently exists for spinel
REE partitioning, so experimental values from (Irving, 1978) were used. Although the spinel
partition coefficients are not as well constrained compared to the other phases, their effect on the
estimated parental liquid is minimal due to the small mass fraction of spinel. These improved
partitioning values, along with the high pristinity of 76535, the high homogeneity of the sample,
and the high quality of our measurements, lend themselves to the estimation of a high-fidelity
parental liquid composition.

Mg-suite Petrogenesis

Considering the high homogeneity and limited diffusion of REEs within 76535 plagioclase, and
the strong KREEP signature of the estimated parental liquid, we suggest that a signification ur-
KREEP contribution to the Mg-suite primary parental liquid is expected. This evidence, in
combination with the previously presented chronological data leads us to propose the following
model for Mg-suite formation: (1) FAN crystallization and ur-KREEP segregation at 4359
+ 9 Ma (Borget al., 2017) and 4368 + 29 1\1/£a (Gaffney and Borg, 2014; Snape et al., 2016;
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Mixing Exercise:

I 15426 green glass (Borg etal. 2019) ---- + 70 % ur-KREEP (Snyder et al. 1992)
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Figure 11. Semi-log plot showing the mixing exercise between the 15426 green glass (Borg
et al., 2019) and the ur-KREEP concentration modeled by Snyder et al., 1992 in comparison
to the estimated Mg-suite parental liquid both normalized to chondritic REE values from
McDonough and Sun (1995). The HREE depletion in the parental liquid, cannot be
explained by this mixing exercise alone and may require the fractionation of an HREE-rich
phase which is explored in Figure 12.

and Maurice et al., 2020) respectively, (2) formation of the primary Mg-suite melt through
decompression of rising magma ocean cumulates at 4345 = 10 Ma (Borg et al., 2020),
(3) assimilation of ur-KREEP material by the primary Mg-suite melt, leading to REE
enrichment and formation of unfractionated parental liquid of Mg-suite; (4)
fractionation of the parental liquid, and emplacement into the lunar crust. This
petrogenetic model explains Cr-spinel bearing troctolites, whereas pink spinel troctolites
or anorthosites require additional steps i.e. reaction of the parental liquid with crustal wall
rock (Prissel et al., 2016 and Sheikh et al., 2024). The final objective of this work is to
constrain the extent to which ur-KREEP material contributed to the Mg-suite primary parental
liquid.

To this end, mixing exercises were conducted between different estimated ur-KREEP
compositions (Haupt et al., 2024; Warren et al., 1989, and Snyder et al., 1992) and a potential
primary Mg suite liquid. The REE compositions for potential Mg-suite primary parental melt
were taken from 15426 green glass beads (Borg et al., 2019), which are believed to be among the

20
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Figure 12. Semi-log plot simulating the fractionation of a lunar zircon Composition
(Whitehouse and Nemchin, 2009) from a mixture of the 15426 green glass (Borg et al.,
2019) and the ur-KREEP concentration modeled by Snyder et al., 1992 compared to the
estimated Mg-suite parental liquid normalized to chondritic REE values from McDonough
and Sun (1995). In this exercise, zircon represents a range of possible HREE-rich phases
identified in 76535 and other Mg-suite samples, which include baddeleyite, merrillite, and
Zircons.

442 most primitive lunar volcanic rocks sampled thus far (Tatsumoto et al., 1987). These mixing
443  exercises suggest that reproducing the estimated parental melt requires a 30-50% ur-KREEP
444  contribution. The results of mixing ur-KREEP compositions from Warren (1989) and Snyder et
445  al. (1992) are shown in figures 9 and 10, while the remaining mixing combinations are reported
446  in the supplemental material.,
447 Some of the estimated ur-KREEP compositions contain flat REE trends (Snyder et al.,
448 1992 and Haupt et al., 2024), which, in combination with the flat green glass trends (excluding
449  Eu) (figures 10 and 11), cannot fully explain the REE composition of the estimated Mg-suite
450  parental liquid. Thus, a two-stage model for Mg-suite petrogenesis may be necessary. This model
451  would contain, first, a mafic primary melt that assimilates ur-KREEP material, and second, the
452  fractionation of HREE-rich phases. This HREE depletion through fractionation was explored in a
453  second mixing exercise. Figure 12 shows the results of zircon fractionation from a mixture of
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Figure 13. Cartoon which demonstrates the outlined model for Mg-suite petrogenesis. In the
first section, rising mafic cumulates are partially melted and come into contact with ur-
KREEP in the upper mantle. These lithologies then mix in the second section, enriching the
REE concentrations of the newly formed Mg-suite parental liquid. After this point the Mg-
suite parental liquid continues to crystalize, further enriching the residual liquid to the REE
concentrations which are estimated by the inversions of individual phases.

30% ur-KREEP (Snyder et al., 1992) and 70% 15426 green glass beads (Borg et al., 2019). In
this exercise, a zircon REE concentration from Whitehouse and Nemchin (2009) is used as a
stand-in for possible HREE-rich phases in Mg-suite samples (baddeleyite, merrillite, and
zircons). The result of this exercise is that the HREE depletion in the parental liquid can be
explained by 3-4% zircon fractionation, implying that a minor amount of HREE phase needs to
be fractionated to explain the REE composition of the parental liquid. (see figure 12). Although
not a major phase within Mg-suite samples, zircons and baddeleyite have been identified within
Mg-suite troctolites, norites, and breccias. The ages of these zircons within Apollo and meteoritic
Mg-suite samples are 4.332 + 18 Ga and 4.354 + 76 Ga, respectively (Zhang et al., 2021; Zhang
et al., 2023). These ages coincide with the proposed pulse of Mg-suite magmatism at 4.4~4.3 Ga
and a peak in zircon formation on the Moon at 4.33 Ga (Barboni et al., 2024), alluding to the
possibility that the zircon formation and Mg-suite may be petrogenetically related such as a
process proposed in this study. However, understanding the effects that ur-KREEP
assimilation has on the major element chemistry and the phase equilibria (phase
compositions and proportions) within the Mg-suite is beyond the scope of the present
study and would require dedicated investigation in the future.

CONCLUSIONS

We measured major elements and thirty-three trace elements in plagioclase grain separates from
troctolite 76535. The REE contents of these grains are consistent with known Mg-suite trends,
namely, highly calcic plagioclase with enrichments in LREEs. The results of the microanalyses
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also provide evidence for the preservation of the magmatic concentrations within these grains.
The samples exhibit high inter and intra-grain homogeneity and are likely sourced from the cores
of cumulus plagioclase grains, given the lack of the predicted diffusion profiles. Using these
measurements, we estimated the unfractionated Mg-suite parental liquid using a python-based
forward model and a RhyoliteMELTS-defined LLD.

The estimated parental liquid contains enrichments of LREEs ~100 times chondrite, which
decreases towards the HREEs being enriched only to ~ 10 times chondrite. Inversions of REE
data from 76535 and other Mg-suite samples predict more enriched liquids, which may represent
the continued fractionation of the Mg-suite parental liquid.

This study constrains the formation and crystallization of 76535 from the Mg-suite parental
melt and establishes limits for the ur-KREEP contribution to the primary Mg-suite melt. Mixing
and fractionation exercises indicate that the estimated Mg-suite parental liquid could be
explained by the assimilation of 30-40% ur-KREEP material if the primary liquid is highly REE-
depleted. Additionally, the fractionation of 4% zircon by weight may be necessary to account for
the observed HREE depletion in the estimated parental melt.

This study demonstrates that the geochemical characterization of only a few mineral grains
can provide key information about the petrogenesis of a lunar sample. We therefore present an
approach of maximizing scientific output from returned planetary samples in the future,
including the Artemis missions.
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Appendix A. Forward model parameters

The basis for the forward model is a fractional crystallization sequence calculated in
AlphaMELTS. The input for this fractional crystallization sequence is included in the
supplementary materials and outlines the content of the major oxides, the fO, buffer, the initial
and final temperatures and pressures, and the type of fractionation. The file containing the major
element oxide mass fractions, which was input into RhyoliteMELTS, and the various output files
are available in the supplemental materials. These oxide concentrations were taken from Prissel
et al. (2016), who adapted the Mg-suite parentalzgnelt composition from Longhi et al. (2010),
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Figure 14. phase diagrams comparing major compositions of 76535 minerals to mineral

compositions modeled by RhyoliteMELTS (Gualda et al., 2012; Ghiorso et al., 1995;

Asimow and Ghiorso, 1998). The modeled minerals show a limited compositional range and

therefore are a close match to 76535 minerals throughout the LLD.
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Figure 15. Mineralogy of fractionated minerals at each temperature of RhyoliteMELTS
(Gualda et al., 2012; Ghiorso et al., 1995; Asimow and Ghiorso, 1998) fractional

crystallization sequence. The Purple bar represents the range of temperatures in which the

fractionated minerals most closely match the minerals of 76535 which was used in the
forward model.

which represents a likely composition of the Mg-suite parental liquid. Due to the limitations of
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the RhyoliteMELTS 1.0.2 software, Mn and K were excluded from the parental liquid. The fO»
buffer was set at IW consistent with the lunar upper mantle (Herd, 2008; Wadhwa, 2008). The
initial temperature was set at 1500 °C, and the final temperature was set at 900 °C. The
temperature was set to 0.26 GPa, corresponding to multiple geobarometry calculations for 76535
(Gooley et al., 1974; McCallum and O’Brien, 1996; Schwartz and McCallum, 1999, 2001; White
et al., 2020). The outputs from the crystallization sequence are available in the supplementary
material., Figure 13 shows the mineralogy of the major phases (Plagioclase, Olivine, and
Orthopyroxene) as predicted by RhyoliteMELTS in comparison to the composition of 76535
minerals.

Appendix B. Supplementary material
Supplementary material related to this article can be found online at (Link)

Data Sharing and Data Accessibility

The data (raw EPMA, SIMS, and LA-ICP-MS data, Homogeneity calculations, and
RhyoliteMELTS inputs and output files) that support the findings of this study are
available upon request. The Python scripts used in the calculation of the unfractionated
parental liquid and the inversions of plagioclase data are available from the
corresponding author upon reasonable request.
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