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ARTICLE INFO ABSTRACT

Associate editor: Mahesh Anand Apatite is ubiquitous in lunar samples and has been used widely for estimating volatile abundances in the lunar
interior. However, apatite compositional and isotopic variations within and between samples have resulted in

Keywords: varying and ambiguous results. Understanding apatite petrogenesis will help with both identifying the appro-

Apaﬁ'te priate composition for volatile estimation and interpreting isotopic variations. Here we report a comprehensive

zsll:ut;le petrogenetic investigation of apatite in Chang’E-5 (CE5) basaltic sample CESC0800YJYX013GP. Apatite displays

Lunar mantle both intra-grain and inter-grain compositional variations with F and Cl contents falling in the ranges of
Chang’E-5 0.97-2.47 wt% and 0.24-1.09 wt%, respectively. These apatite compositions show relatively low F and high Cl
characteristics in comparison to apatites of Apollo high-Ti and low-Ti mare basalts, but are similar to those
reported for lunar meteorites LAP 04841 and MIL 05035. We discern three zoning profiles: fractional crystal-
lization (FC)-dominated, degassing-induced and a third indicated by REE-enriched cores, which are interpreted
as representing different generations of apatite. FC-dominated zoning is characterized with decreasing F and
increasing Cl and S contents from core to rim; while the opposite is true for the degassing-induced zoning.
Regardless of the zoning patterns, apatite Cl and S contents display positive correlations, with S contents up to ~
3000 ppm, much higher than previous reports for Apollo samples (up to ~ 600 ppm). We demonstrate that the
fractional crystallization model proposed by Boyce et al. (2014) in combination with HoO degassing and high S
contents in melt (likely at sulfide saturation) can explain these high Cl and S contents observed in CE5 apatite.
Based on the core composition of the FC-dominated zoning profile, which has the lowest incompatible element
concentrations, bulk F, Cl and H,O contents in the parental melt are estimated to be ~ 72 + 21, ~43 & 14 and ~
1576 + 518 ppm, respectively. These estimates have lower F/Cl ratios than those measured in olivine-hosted
melt inclusions from Apollo mare basalts. By adopting the petrogenetic model for CE5 basalt proposed by Su
et al. (2022), i.e., 10 % partial melting of a hybrid mantle source, followed by ~ 30-70 % fractional crystalli-
zation (~50 % for our sample), we estimate the F, Cl, HyO and S contents in the mantle source are in the ranges
of ~ 2.5-4.6, ~0.7-1.4, ~53-105 and ~ 38-125 ppm, respectively, similar to estimates for both depleted Earth
mantle and primitive lunar mantle. However, by adopting the model of Tian et al. (2021), 2-3 % partial melting
of a mantle source composed of 86 PCS+2% TIRL (PCS, percent crystallized solid; TIRL, trapped instantaneous
residual liquid), followed by 43-88 % fractional crystallization, these estimates will be 5-10 times lower. To be
certain whether the relatively low F and high Cl characteristics of CE5 apatite imply an enriched mantle source
requires further evaluation of the petrogenetic models for CE5 basalt.

1. Introduction silicate Moon provides important constraints for constructing Earth-
Moon formation models and our understanding of the evolutional his-
Knowledge of the volatile budget for the lunar mantle and bulk tory of the Moon. Apatite is a ubiquitous volatile bearing mineral in
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lunar samples and can contain F, Cl and H,0 in weight percent levels,
which has played a key role in estimating the F, Cl and HyO contents in
lunar magmas and their mantle sources. However, the resulting esti-
mations vary in quite large ranges, for example, HoO contents in lunar
mantle vary from a few ppm to more than 100 ppm, F contents from
0.56-20 ppm and Cl contents from 0.9-6 ppm (McCubbin et al., 2015b).
In part, this reflects the diverse samples studied, suggesting heteroge-
neous volatile distributions in the lunar mantle (McCubbin et al., 2011;
Robinson and Taylor, 2014). Additionally, apatite displays intra-grain
and inter-grain compositional heterogeneity even within the same
sample (Greenwood et al., 2011; Barnes et al., 2013; Tartese et al., 2013;
Barnes et al., 2016; Barnes et al., 2019). For example, apatites from high-
Ti mare basalts have 2.69-3.75 wt% F and 0.02-0.62 wt% CI; for low-Ti
mare basalts, the F and CI contents in apatite vary in ranges of 1.86-3.76
wt% and 0.01-0.60 wt% respectively (McCubbin et al., 2010b; Green-
wood et al., 2011; McCubbin et al., 2011; Barnes et al., 2013; Tartese
et al., 2013; Boyce et al., 2015; Barnes et al., 2016; Barnes et al., 2019);
and apatites from high-Al mare basalts are F-rich with 2.95-3.52 wt% F
and 0.13-1.61 wt% Cl (McCubbin et al., 2010a; Boyce et al., 2010;
Greenwood et al., 2011; Pernet-Fisher et al., 2014; Boyce et al., 2014;
McCubbin et al., 2015b; Potts et al., 2018). Apatites from KREEP basalts
have F contents of 1.52-3.76 wt% and Cl contents of 0.01-1.22 wt%
(McCubbin et al., 2010a; McCubbin et al., 2011; Tartese et al., 2014b;
Barnes et al., 2016; Wang et al., 2019), spanning a similar range to low-
Ti mare basalt, but with higher Cl contents.

The stable isotopic compositions of volatiles in apatite are important
tools for constraining the origin and evolution of lunar volatiles. They
also display large ranges within and between samples. For example,
apatite from low-Ti and high-Ti mare basalts have 8D values mostly in
the range of + 200 %o to + 1100 %o with high 8D values normally
explained as the result of degassing during magma eruption (Greenwood
etal., 2011; Barnes et al., 2013; Tartese et al., 2013; Barnes et al., 2019).
Apatite 5°7Cl values range from + 2 %o to + 19 %o for low-Ti and high-Ti
mare basalts (Sharp et al., 2010; Boyce et al., 2015; Barnes et al., 2016;
Barnes et al., 2019), while values are higher for KREEP basalts, +9-+31
%o (Sharp et al., 2010; Tartese et al., 2014a; Barnes et al., 2016; Wang
et al., 2019). There has been a debate regarding the high 5*7Cl values in
apatite, which has been explained by the process of degassing during
lunar basalt eruption and crystallization (Sharp et al., 2010; Gargano
et al., 2020; Ji et al., 2022), or interpreted to represent the contribution
of urKREEP (Boyce et al., 2015; Barnes et al., 2016; Barnes et al., 2019;
Stephant et al., 2019). An evolution towards fluorapatite endmember
during degassing has been suggested for lunar apatite based on experi-
mentally observed volatile degassing trends in lunar magma and apatite-
melt volatile partitioning data (Ustunisik et al., 2011; Ustunisik et al.,
2015).

Boyce et al. (2014) proposed that the variations of apatite compo-
sition can be explained by the fractional crystallization process, that is,
decreasing F content in apatite is accompanied by increasing Cl, HoO
and other nonvolatile incompatible elements, e.g., SiO3 and rare earth
elements (REEs). Such a prediction is consistent with core-to-rim zoning
observed in large apatite grains from Apollo 12 basalt 12039,42, Apollo
11 basalt 10044,644 (Greenwood et al., 2011), and Apollo 14 basalt
14053,16 (McCubbin et al., 2010a). Based on their fractional crystalli-
zation model for apatite volatile compositions, Boyce et al. (2014)
proposed that increasing H,O and Cl contents in apatite during frac-
tional crystallization are a result of F depletion in melt due to the strong
preference of apatite for F over other volatiles, and meanwhile, apatite
composition is constrained by stoichiometry, that is, mole fractions of F,
Cl and OH add up to 1. In other words, high H,O and Cl contents in
apatite do not necessarily indicate corresponding high concentrations in
melt, which has been termed “the lunar apatite paradox”. Publication of
this work has greatly dampened the enthusiasm of using apatite to infer
volatile abundances in the lunar mantle. As suggested by Boyce et al.
(2014), apatite compositions with the lowest HyO content in a sample
may be used for volatile estimation in the parental melt. In this case,
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apatite compositions support the drier end of the estimations for H,O in
the lunar mantle and bulk silicate moon (BSM), e.g., 1.2-14 ppm in the
BSM has been estimated based on F/H0 ratio in apatite by McCubbin
et al. (2023). However, apatite compositions are also affected by
degassing, which will lead to decreasing HO and increasing F contents.
Considering the variation of apatite compositions among different lunar
basalt types, how to relate apatite composition to the heterogeneous
distribution of volatiles in the lunar mantle is still an important scientific
question. Distinguishing or disentangling the effects of fractional crys-
tallization and degassing on apatite composition is essential for choosing
appropriate apatite composition for volatile estimation and interpreting
stable isotopic observations.

In recent years, the origin of high S contents in lunar apatite (up to ~
600 ppm reported in Apollo samples) has become a point of contention
(Konecke et al., 2017; Brounce et al., 2019; Brounce et al., 2020).
Experimental studies have shown that S is incompatible in apatite under
reduced conditions, with partition coefficients of 0.38 + 0.09 and 0.02
+ 0.01 obtained at 1000 °C, 300 MPa and FMQ-1, for apatite in equi-
librium with a hydrous rhyolitic melt (Konecke et al., 2017) and a hy-
drous lamproitic melt (Konecke et al., 2019), respectively. However,
based on paired apatite-felsic glass measurements in the lunar basalt
sample 12039,4, Brounce et al (2019) estimated the average value for S
partition coefficients to be ~ 2 + 1. Deciphering the S record in apatite
provides additional information regarding the petrogenesis of apatite
and the behavior of volatiles during lunar basaltic evolution.

On Dec 17, 2020, China’s Chang’E-5 (CE5) mission brought back
1.731 kg of lunar soil, collected from the landing site at 43.06°N,
51.92°W in the northern Oceanus Procellarum, belonging to a young
mare basalt unit Em4 (the fourth Eratosthenian-aged mare unit in the
region) (Qian et al., 2018). Radiometric dating of CE5 basaltic fragments
(Che et al., 2021; Li et al., 2021) have confirmed its young age (~2 Ga).
Thus, CE5 samples provide an opportunity to study the late stage mag-
matism on the Moon and enable us to gain insights into lunar mantle
conditions at ~ 2 Ga. Based on analyses of apatite from a set of 23 CE5
basaltic clasts and fragments using nanoscale secondary ion mass spec-
trometer (NanoSIMS), Ji et al. (2022) reported F, Cl and H,O contents in
apatite varying in large ranges of 0.91-3.93 wt%, 820-11989 ppm and
134-6564 ppm respectively. There have also been reports of apatite
compositions with S contents up to ~ 2000 ppm in CE5 basalts (Che
et al., 2021; Hu et al., 2021; Li et al., 2021).

Here we report a detailed petrogenetic study of apatite in CE5
basaltic sample CE5C0800YJYX013GP allocated by the China National
Space Administration (CNSA). The effects of fractional crystallization,
degassing, sulfide saturation and melt immiscibility on the volatile re-
cord (S in particular) in apatite and melt inclusions are investigated.
Based on our observations and fractional crystallization modeling, an
explanation for high S contents in lunar apatite is presented. Last but not
the least, implications for estimating the volatile budget in parental melt
and lunar mantle are discussed.

2. Sample description and methods
2.1. Sample description

The CE5 sample (CE5C0800YJYX013GP) acquired for this study
contains two basaltic clasts set in a one-inch epoxy mount. Clast 1 has a
triangular outline with ~ 1.8 mm for the longest dimension and ~ 1 mm
for the shortest dimension. Clast 2 has a rectangular outline and is ~ 2 x
1.8 mm in size (Wang et al., 2023). The mineral modal proportions of
clast 1 are estimated to be 65.6 % clinopyroxene, 20.5 % plagioclase,
10.2 % ilmenite and 3.1 % Si-rich phases, while clast 2 is composed of
24.8 % clinopyroxene, 24.2 % olivine, 44.0 % plagioclase, 4.6 %
ilmenite and 2.7 % Si-rich phases (Wang et al., 2023). Both clasts are
coarse-grained with predominant minerals grains ~ 0.5-1 mm in length,
overall exhibiting a subophitic texture. As demonstrated by the absence
of olivine, clast 1 has a more evolved composition with an estimated



H. Li et al.

bulk MgO content of 4.58 + 2.59 wt% and Mg# of 25, in comparison to
a bulk MgO content of 7.28 + 2.81 wt% and Mg# of 37 for clast 2 (Wang
et al., 2023).

Clinopyroxene occurs as anhedral grains (~500 pm in length),
strongly zoned from Mg-rich augite cores (Wo3;.42Engg.37Fs27.34) to Fe-
rich pigeonite rims (Wog.34En;_39Fs41.90). Olivine grains are larger (~1
mm in length), also zoned with Mg-rich cores (Foss.54) and Fe-rich rims
(Fos.15). Plagioclase occurs as 200 pm x 1000 pm euhedral to subhedral
laths, with relatively Ca-rich cores (A1185-87 Abll-lS OI'0.4_0.6) and
increased Na and K contents in the rims (Anyg.g; Abje.19 Or_3) (Wang
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et al., 2023). Ilmenite occurs as euhedral elongated laths (~200-300 pm
in length and ~ 20 pm in width) with homogenous compositions.
Mesostasis assemblages include silica, felsic melt, fayalite, hyalophane,
troilite, apatite, merrillite, and Zr-bearing phases (Fig. 1). These as-
semblages comprise incompatible-element-rich residual pockets
enclosed within the framework of major minerals. Apatite is located in
the mesostasis regions of the sample, which will be the focus of this
study.

Apart from felsic melt in the mesostasis, felsic melt inclusions are
found in the rims of plagioclase in clast 1 and olivine grains in clast 2.

Fig. 1. Representative BSE images of the mesostasis regions in clast 1 and clast 2. (a) Mesostasis regions in clast 1 are located in the Fe-rich portions of large
clinopyroxene grains. Enlarged areas shown in (c, d, e) are outlined with rectangles. (b) Mesostasis regions near the Fe-rich portion of the large olivine grains in clast
2, are comprised of clinopyroxene, ilmenite, sulfide, felsic melt, vapor voids and foam-textured phosphate. X-ray maps of the outlined area are shown in Fig. 2. (c)
Elongated apatite grains containing felsic melt inclusions and possibly mafic minerals coexist with plagioclase, felsic melt and sulfide. Note the circular vapor voids in
the sulfide grain. (d) Apatite grains coexist with plagioclase, merrillite, hyalophane and sulfide. (e) On the left, a cluster of tiny apatite grains with patchy zoning
intergrow with a mafic mineral (possibly olivine), in close association with sulfide, ilmenite and plagioclase. On the right, the cluster of skeletal apatite grains are
seen together with a group of hyalophane crystals. (f) An area showing the coexistence of fayalitic olivine, Ca, Fe-rich clinopyroxene and foam-textured merrillite.
Both large euhedral apatite grains and medium-sized grains with bright cores are also observed in the same region. Phase abbreviations: Ap, apatite; Ca-cpx, Ca, Fe-
rich clinopyroxene; Cpx, clinopyroxene; Fa, fayalitic olivine; Hy, hyalophane; Ilm, ilmenite; Mer, merrillite; Ol, olivine; Pl, plagioclase; Q, quartz; Tr, troilite; Tra,
tranquillityite; fm, felsic melt; V, vapor void. Number labels are corresponding to the numbering for the analytical points of apatite.
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Moreover, devitrified mafic inclusions are found in the core of olivine
grains from clast 2. Immiscible melts are preserved in an olivine grain
and an elongated ilmenite lath in clast 2. Compositional details of these
melt inclusions will be presented in section 3.3.

2.2. Analytical Methods

Phase compositions were obtained using an electron microprobe
(JEOL JXA 8230) at the Chinese Academy of Geological Sciences
(CAGS), employing beam conditions of 15 kV and 20nA. Standards were
a mix of both natural and synthetic minerals and oxides, and the quality
of analyses was assessed based on stoichiometric constraints.

Apart from the common major elements, the analytical routine for
melt also contained F, Cl, Ba and P; although F was shown to be always
below the detection limit of ~ 30 ppm. The detection limits for Cl, Ba
and P are approximately 20, 80 and 100 ppm, respectively. For the
analysis of apatite, additional elements of Sr, La, Ce and Y were also
analyzed, with detection limits of ~ 150, ~300, ~1000 and ~ 300 ppm,
respectively. Strontium sulfate SrSO4, phosphates LaPs01¢, CeP50;0 and
yttrium vanadate YVO4 were the calibrating standards for Sr, La, Ce and
Y, respectively. Durango apatite has been used as the standard for F, Ca
and P with recommended values from Young et al. (1969); Cl was
standardized using NaCl. Fluorine was always analyzed in the first pass,
with 20 s counting time utilizing LDE1 analyzing crystal resulting in a
detection limit of ~ 200 ppm. For reduced lunar conditions, S should be
present in its reduced form as Sz'; therefore, ZnS was used as the cali-
brating standard for S. With a PETH crystal and 50 s counting time
(background always counted for half the peak time), the detection limit
for S is ~ 50 ppm in melt and ~ 60 ppm in apatite. Analyses of a sec-
ondary standard VG-2 returned an average S content of 1372 + 52 ppm
for six data points in one session.

Analyzing F in apatite has complications associated with F X-ray
intensity variation due to beam bombardment (Stormer et al., 1993).
Different approaches have been suggested to mitigate such a problem, e.
g., select apatite crystals oriented with their c axis perpendicular to the
incident beam; reduce beam current and counting time; enlarge beam
diameter; and time-dependent intensity (TDI) correction of F count rate
back to time-zero (McCubbin et al., 2010b; Goldoff et al., 2012). Due to
the small grain size for apatite in our sample and unavailability of TDI
correction on the probe we used, we were not able to implement all these
measures, and F content in apatite grains oriented with c axis parallel to
the incident beam may be overestimated.

X-ray elemental maps were acquired for two selected areas in the
sample using five wavelength-dispersive spectrometers (WDS) simulta-
neously at CAGS. Elements analyzed were Ca, Ce, Cl, F, Fe, Mg, Na, P, S
and Si. Acquisitions were performed with a focused beam of 20 kV and
50nA, a dwell time of 50 ms and a step size of 1 pm.

3. Results
3.1. Phase relations of the mesostasis

Apatite is found to be closely associated with clinopyroxene,
ilmenite, plagioclase, troilite, olivine, hyalophane, merrillite, Zr-bearing
minerals and felsic melt in the mesostasis regions of the sample; which
are located in the most Fe-rich portion of the clinopyroxene grains in
clast 1 (Fig. 1a) and the olivine grains of clast 2 (Fig. 1b). Representative
compositions for phases in association with mesostasis can be found in
the supplementary material (Table S1). Degassing is indicated by voids
left by vapor bubbles of circular or irregular shape (Fig. 1a, b, c, f). They
are often closely associated with felsic melt or sulfide. The irregular
shapes are due to the space restriction of neighboring minerals (Fig. 1b,
f). Apatite grains appear in clusters with various shapes and sizes (<1 to
5 pm), from well-defined hexagonal and columns to skeletal crystals
(Fig. 1c, d, e, f). Although rare elongated grains with lengths up to 50 pm
have been found (Fig. 1c), the short dimensions of these grains are
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normally less than 5 pm.

In clast 1, olivine is not a part of the main crystallizing assemblage.
However, in one area, along the edge of an Fe-rich clinopyroxene grain,
irregular-shaped fayalitic olivine grains are found coexisting with Ca,
Fe-rich clinopyroxene, along with an unidentified foam-like phosphate
mineral and tiny sulfide grains (Fig. 1f). The coexistence of Ca, Fe-rich
clinopyroxene and fayalitic olivine is similar to that observed in the
mesostasis regions of clast 2 (Fig. 1b). In order to identify this foam-
textured phosphate phase, X-ray mapping of such an example from
clast 2 is shown in Fig. 2. The mesostasis region of interest is enclosed
between large plagioclase and ilmenite laths. Felsic melt can be identi-
fied by the high Si signal; the foam-textured phosphate is identified as
merrillite by matching Ca and P signals and the absence of F and Cl. The
olivine grain contains worm-like melt inclusions, below which lies an
apatite grain, as confirmed by matching Ca, P, F and Cl signals. The F
signals obtained from olivine and sulfide are due to peak-overlap from
their high FeO contents. It is interesting to note that the clinopyroxene
grain sitting in-between the two sulfide grains has higher MgO and
lower CaO contents than the clinopyroxene grain above, representing an
earlier stage of crystallization. The enrichment of sodium in the sur-
rounding plagioclase grains is also shown here in the Na X-ray map
(Fig. 2).

Well-crystallized merrillite has also been identified in both clasts. It
appears brighter than apatite in back-scattered electron (BSE) images,
similar to that of clinopyroxene (Fig. 1d). Detecting and distinguishing
merrillite from clinopyroxene presents difficulties. In closeup, merrillite
has a lower relief than clinopyroxene (Fig. 1d; Fig. 3). X-ray mapping of
an area of coexisting apatite, merrillite and clinopyroxene from clast 1 is
shown in Fig. 3. Merrillite and apatite can be distinguished by lower
CaO, higher REEs, and the absence of F and Cl in merrillite. Uneven
distribution of F and Cl in apatite is noteworthy. Trends of decreasing
MgO and increasing FeO contents in clinopyroxene towards the enclosed
mineral assemblage (apatite, merrillite, ilmenite, troilite and plagio-
clase) are shown in the Mg and Fe X-ray maps.

Spot analyses of merrillite returned nearly uniform compositions,
with the average compositions reported in Table 1. Merrillites from the
two clasts show similar compositions, the only difference being the
higher FeO (7.19 wt% vs 5.63 wt%) and lower MgO (0.14 wt% vs 0.49
wt%) contents in merrillites from clast 1 compared to clast 2, in
consistence with the bulk compositions of these two clasts.

3.2. Apatite compositions

Due to the rarity of mesostasis and the limited number of apatite
analyses obtained from clast 2, apatite compositional data reported and
discussed here are from clast 1. It can be seen in BSE images that apatite
grains always display some level of compositional heterogeneity, even in
tiny skeletal crystals (Fig. 1c, d, e, f). Moreover, bigger apatite grains
may result from the “fusion” of smaller grains, their zoning patterns
therefore appear to be rather complex (Fig. 4a, c). We obtained the data
for a total of 45 analytical points. Due to the small grain size and com-
plex zoning, apatite analyses often show some level of contamination
from neighboring minerals or inclusions. Data chosen for further dis-
cussion and graph plotting (totaling 35 data points) show good stoi-
chiometry (Tables 2-4, Table S2), the only exception being data for
medium-sized euhedral apatite grains with bright cores (Fig. 4c). It is a
formidable task to obtain analyses from the core, mantle and rim of these
small zoned apatite grains. Some data points used in the graph plotting
have cation sums for both P and Ca sites showing deviations of up to
0.1-0.2 from the ideal values (Table 4). As the contamination from
clinopyroxene or felsic melt inclusion only has a dilutional effect on
REEs and volatile contents, data points with clear contamination are also
shown in Table 4 for the convenience of discussing the zoning pattern.

We were able to identify three different zoning profiles, represented
by a large euhedral apatite grain with fractional crystallization (FC)-
dominated zoning (Fig. 4a, Table 2), an elongated apatite grain with
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= 10 um

Fig. 2. X-ray mapping of a mesostasis region from clast 2, showing the phase assemblage of Fe-rich olivine, clinopyroxene, apatite, foam-textured merrillite, troilite,
felsic melt and vapor void. The scale bar is for the X-ray maps only. The BSE image is enlarged to show more details. Merrillite and apatite are outlined in the BSE
image using orange and red colors respectively. F signals shown for Fe-rich olivine and troilite are due to peak-overlap from their high FeO contents. The high Cl
signal for the vapor void is from the epoxy. Phase abbreviations are as in Fig. 1.

= 10 um

Fig. 3. X-ray mapping of a mesostasis region from clast 1, showing the phase assemblage of Fe-rich clinopyroxene, apatite, merrillite, troilite and ilmenite. The scale
bar is for the X-ray maps only. The BSE image is enlarged to show more details. Phase abbreviations are as in Fig. 1, with the addition of “Bdy” for baddeleyite.

degassing-induced zoning (Fig. 4b, Table 3) and medium-sized euhedral
apatite grains with bright cores (Fig. 4c, Table 4). The remaining data
points (e.g., Fig. 4d, Table S2) are grouped as “individual analyses” for
the ease of discussion and graph plotting. For the FC-dominated zoning
(Fig. 4a), F decreases from core to rim, while other elements such as Cl,
S, REEs, SrO, TiOo, FeO and SiO; increase (Fig. 5). The identification of
degassing-induced zoning in the elongated apatite grain is based on its
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increasing F content, and decreasing Cl and S contents from core to rim
(Fig. 5). We remain intrigued by the fact that both volatiles and
nonvolatile elements in the degassing profile show opposite trends to
those observed in the FC-dominated zoning profile (Fig. 5), possible
explanations will be discussed in section 4.3. It is noteworthy that the
concentrations of Cl, S, FeO, SiO, and TiO, are higher in the degassing
profile than those in the FC-dominated zoning profile (Fig. 5 and
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Table 1

Average merrillite compositions from both clasts.
Sample Mer-clast 1 o(5) Mer-clast 2 o(2)
P,0s5 41.63 0.41 42.65 1.12
SiOy 0.81 0.32 0.44 0.00
TiO, 0.25 0.27 0.14 0.11
Al,O3 0.13 0.11 0.03 0.01
FeO 7.19 0.38 5.63 0.12
MnO 0.07 0.03 0.10 0.03
MgO 0.14 0.11 0.49 0.11
CaO 39.55 0.40 41.21 1.14
NayO 0.016 0.004
K20 0.09 0.11 0.061 0.004
SrO 0.30 0.03 0.26 0.03
Lay03 1.34 0.22 1.14 0.09
Ce03 3.85 0.41 3.32 0.42
Y203 2.08 0.36 1.71 0.18
F 0.02 0.03
Cl 0.005 0.003 0.005 0.004
S(ppm) 416 265 22 20
O=F+Cl + S 0.02 0.01 0.02 0.02
Total 97.46 0.54 97.22 1.63
Structure formula based on 56 oxygens
P 13.730 0.099 13.934 0.056
Si 0.318 0.123 0.169 0.002
Ti 0.072 0.080 0.040 0.031
Sum P site 14.119 0.110 14.142 0.085
Al 0.059 0.050 0.013 0.004
Fe 2.343 0.122 1.818 0.002
Mn 0.025 0.008 0.033 0.010
Mg 0.082 0.065 0.285 0.070
Ca 16.509 0.112 17.036 0.095
Na 0.012 0.003
K 0.043 0.056 0.030 0.003
Sr 0.067 0.006 0.059 0.008
La 0.193 0.032 0.163 0.016
Ce 0.550 0.060 0.470 0.070
Y 0.432 0.075 0.352 0.044
Sum others 20.302 0.184 20.270 0.130
F 0.024 0.034
Cl 0.003 0.002 0.003 0.003
S 0.030 0.019 0.002 0.001

compare Table 2 and 3). Medium-sized euhedral apatite grains often
display zoning with brighter cores (Fig. 4a, ¢), corresponding to higher
REE contents. While F, SiO, and FeO are generally higher in the core, Cl
and S contents are higher in the rim (Fig. 4c and Table 4).

The Cey03 versus Cl plot is used to showcase the variation of apatite
compositions (Fig. 6a). Two distinctive groups can be identified. One
group is characterized with a large range of Cl contents (~0.3-1.1 wt%)
and a medium level of REE concentrations (~0.3-0.6 wt% for Ce;O3).
These data points represent the FC-dominated zoning and the degassing-
induced zoning profiles. The other group is characterized with a large
range of REE contents (~0.3-1.3 wt% for Ce303) and comparatively
lower Cl contents (~0.2-0.6 wt%). These data points represent medium-
sized apatite grains with bright cores, and hence show a negative cor-
relation between Cl and REEs. Individual analyses of apatite grains, fall
mostly within the trend defined by the medium-sized euhedral grains
with bright cores. One single analysis (apatite No.62, Table S2) from the
skeletal apatite cluster (Fig. 1e) shows an enrichment in REEs (0.97 wt%
for Cey03) and relative depletion in Cl (0.24 wt%) and S (666 ppm),
similar to the bright cores of euhedral apatite grains. Similarly, some
elongated grains with bright cores also returned high REE contents (e.g.,
1.02 wt% of Ce503 in apatite No.8 in Fig. 4d, Table S2). The difference is
that the elongated grains have the highest F contents (e.g., 3.83 wt% of F
in apatite No.8, exceeding that for pure fluorapatite).

S contents in apatite also vary in a large range. The positive corre-
lation between Cl and S is a prominent feature (Fig. 6b). There are three
data points lying above the main trend of correlation as shown in Fig. 6b.
Considering that they are all analyses near sulfide, we cannot rule out
that these high values are analytical artifacts. For the remaining data
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points following the main trend, S contents vary in the range ~ 130 to ~
3000 ppm, with values higher than 2000 ppm only belonging to the
apatite grain with degassing-induced zoning. For the apatite grain with
FC-dominated zoning, S content increases ten times from ~ 150 ppm in
the core to ~ 1700 ppm in the rim.

Apatite compositions reported here show relatively low F and high Cl
characteristics, with the majority data points having F contents in the
range 0.97-2.47 wt%, and Cl contents in the range 0.24-1.09 wt%. In
the ternary plot of Cl + S-OH-F endmembers for apatite (Fig. 7), the data
points lie away from the Cl + S apex, and span a large range along the F-
OH binary edge. There is a lack of F-rich apatite compositions from our
sample, with most compositions forming a cluster in the mid-section
between the F and OH apexes, showcasing that estimated mole frac-
tions for the OH-Ap endmember (~0.10-0.67) varying in a similar range
to that for the F-Ap endmember (~0.26-0.80). There are only two data
points lying outside this range, with F contents of 2.93 and 3.83 wt%,
respectively; the latter is not shown in Fig. 7 as its F content exceeds that
for pure fluorapatite. These apatite compositions are distinct from pre-
viously reported apatite compositions for Apollo high-Ti and low-Ti
mare basalts (McCubbin et al., 2023), but show similarities to the
apatite compositions from meteorites LAP 04841 and MIL 05035
(Fig. 7). For example, Tartese et al. (2013) reported F and Cl contents of
0.73-1.73 wt% and 0.14-0.76 wt% for apatites from LAP 04841; and
apatites from MIL 05035 have been shown to have 1.43-1.90 wt% F and
0.58-1.13 wt% Cl (Joy et al., 2008).

Ji et al. (2022) reported apatite compositions obtained from a set of
23 smaller CE5 basaltic clasts based on NanoSIMS analyses, which span
large ranges of 0.91-3.93 wt% F, 820-11989 ppm Cl and 134-6564 ppm
H0. Although apatite compositions from clast 1 fall in the large range
reported by Ji et al. (2022), there are only a few data points overlapping
with those reported by Ji et al. (2022) in the ternary plot of Fig. 7. The
disparity may result from an overestimation of OH mole fraction in
apatite from clast 1 and an overestimation of F mole fraction in apatite
for data from Ji et al. (2022).There have been reports that H,O contents
in apatite calculated based on F and Cl contents are higher than Nano-
SIMS analyses (Barrett et al., 2023; Martinez et al., 2023). The under-
lying cause is the presence of vacancies and other anions or molecules in
the apatite anion column (Pan and Fleet, 2002). This will lead to an
overestimation of OH in apatite when assuming F+Cl + OH=1. More-
over, the sums of calculated F, Cl and OH mole fractions for the analyses
reported by Ji et al. (2022) vary between 0.35 and 1.2, with an average
value of 0.75. When plotted in Fig. 7, the sums of their F, Cl and OH mole
fractions have been normalized to 1. In the case of the sum of F, Cl and
OH mole fractions much under unity, normalization to 1 will lead to the
largest overestimation for the F mole fraction in apatite, as F is the
dominant volatile. It appears to be a similar case for MIL 05035, with the
electron probe microanalyses (EPMA) from Tartese et al. (2013) and
NanoSIMS analyses from Wang et al. (2019) displaying a similar
disparity as shown in Fig. 7. As OH in apatite is calculated as OH=1-F-Cl
for the EPMA data and F in apatite is calculated as F=1-ClI-OH for
NanoSIMS data, the disparity between the two suggests that the sums of
F, Cl and OH mole fractions are under unity, supporting the presence of
vacancies and other anions in the apatite anion column.

3.3. Record of melt immiscibility and compositions

The felsic melts in clast 1 have high SiO, (80.06 + 1.68 wt%), Al,O3
(10.15 + 0.64 wt%) and K20 (3.60 + 0.63 wt%), low CaO (1.00 £ 0.19
wt%), FeO (2.44 + 0.80 wt%) and negligible MgO (0.014 + 0.013 wt%)
contents. Despite the simplicity in composition, systematic variations
have been observed, with positive correlations between Al;03, BaO and
P50s5 being the most prominent (Fig. 8a, b). In particular, felsic melt
patches contained in the rim of large plagioclase grains appear to have
lower Al;0O3, BaO and P5Os contents in comparison to felsic melts in the
mesostasis (Fig. 8a, b). Sub-micron bright spheres are commonly seen in
the felsic melt patches contained in plagioclase (Fig. 1a; 8c), but are
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Fig. 4. BSE images for representative apatite compositional groups. (a) A large euhedral apatite grain, from which a fractional crystallization-dominated zoning
profile was obtained with analytical points of 43-46 and 50. (b) An elongated apatite grain near a large vapor void, from which a degassing-induced zoning profile
was obtained with analytical points of 31-37. (c) The cluster of apatite grains with bright cores, from the same area as shown in Fig. 3. (d) In the area below the
elongated apatite grain shown in (b), two clusters of apatite display different compositional characters, with the cluster above showing bright cores due to high REE
contents, and the cluster below similar to the rim of the degassing profile in (b). Phase abbreviations are as in Fig. 1. Number labels are corresponding to the

numbering for the analytical points.

generally absent in the felsic melts of mesostasis. Due to the minute size
of the bright spheres, their precise compositions cannot be determined.
Nevertheless, based on the negative correlation between SiO5 and FeO
contents for felsic melts in plagioclase (Fig. 8d), we interpretate that the
bright spheres most likely represent the immiscible mafic melt trapped
in the felsic melt patch after immiscibility occurred. Most of these felsic
melts have S contents less than 100 ppm, however, higher values up to
356 ppm have been obtained, which may be due to contamination from
the bright spheres.

Evidence of melt immiscibility is well preserved in clast 2. A pair of
mafic and felsic melt patches are found in contact with grains of sulfide
and plagioclase, hosted within a larger olivine grain (Fig. 9a). A few
devitrified melt inclusions are found in large olivine grains, which are
characterized by barred and skeletal aggregates (<5 pm) of near-
stoichiometric pyroxene set in the interstitial glass matrix (Fig. 9b).
An elongated melt inclusion (~500 pm long and ~ 10 pm wide) in a
large ilmenite lath preserved two immiscible melts with the felsic melt
appearing as spherules of 1-3 pm in diameter floating in the mafic melt
(Fig. 9¢). Mesostasis regions are rare in clast 2; and the most prominent
feature is the felsic melt inclusions contained in the Fe-rich portions of
the large olivine grains (Fig. 9d).

Based on the MgO contents of the melt inclusions in clast 2 (Fig. 10;
Table 5), it can be inferred that the immiscible melt pair in olivine
represent an earlier stage of melt with 6 wt% MgO in the immiscible
mafic melt; the devitrified melt inclusions may be slightly later with 2.5
wt% MgO; while the elongated melt inclusion in ilmenite is the latest
with 0.6 wt% MgO in the immiscible mafic melt. The devitrified melt
inclusions have higher TiO; and P;05 contents than the immiscible melt
inclusions (Fig. 10), suggestive of entrapment before ilmenite and
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phosphate crystallization. The low Al;O3 contents of the early-stage
immiscible felsic melts are noteworthy, 5.48 wt% and 6.74 + 0.22 wt
% for felsic melts in olivine and ilmenite, respectively. The late-stage
immiscible felsic melts, preserved as olivine inclusions or in the meso-
stasis, are characterized with the highest K20 (4.92 + 0.94 wt%) and
BaO (0.77 + 0.32 wt%) contents (Fig. 10, Table 5). Note that the rela-
tively large standard deviations for the average compositions of late-
stage felsic melts reflect compositional variation similar to that
observed for the felsic melts of clast 1.

Defocused beam analyses of devitrified melt inclusions in olivine
indicate that the original melt prior to devitrification contained ~ 1500
ppm S. The well-preserved melt pair next to a troilite grain in olivine
have ~ 2600 and ~ 500 ppm S in the mafic and felsic melts, respec-
tively. Similarly, the immiscible felsic melts preserved in ilmenite have
on average ~ 500 ppm S, while the mafic melts contain on average ~
2500 ppm S. Sulfur contents in the late-stage felsic melts are generally
less than 100 ppm (Fig. 10, Table 5).

4. Discussion
4.1. Melt immiscibility, sulfide saturation and degassing

The different episodes of melt immiscibility observed in clast 2
suggest that melt immiscibility is not limited to the late stages of melt
evolution and may occur throughout the evolutionary process. Apollo
sample 12032,366-18 is a Th-rich evolved basalt with 4.2 wt% TiO,
11.7 wt% Al,03, and 0.25 wt% K30, similar to the bulk compositions of
clast 2. An experimental study of the crystallization process of Apollo
sample 12032,366-18 by Stadermann et al. (2022) has bracketed the
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Table 2
Apatite compositions along the fractional crystallization zoning profile shown in
Fig. 4a.

Analytical CE5-1- CE5-1- CE5-1- CE5-1- CE5-1-AP-
No. AP-43 AP-44 AP-45 AP-46 50"
P,0s 39.73 40.54 40.21 40.98 37.79
SiO, 1.46 0.96 0.72 0.93 6.44%
TiO, 0.066 0.039 0.029 0.002 0.135
Al,05 0.036 0.007 0.008 0.213
FeO 2.17 1.97 1.70 1.86 5.28%
MnO 0.03 0.08 0.03 0.05
MgO 0.012 0.008
CaO 53.19 54.16 55.07 54.35 49.57
K20 0.010 0.014 0.007 0.010 0.063
SrO 0.27 0.21 0.19 0.20 0.22
LayO3 0.09 0.04 0.04 0.03 0.14
Cey03 0.52 0.40 0.46 0.39 0.52
Y,03 0.25 0.17 0.30 0.23 0.34
F 1.50 1.71 2.18 2.24 1.70
Cl 0.75 0.66 0.28 0.56 0.60
S(ppm) 1704 767 147 367 1162
O=F+Cl + S 1.68 1.78 1.97 2.16 1.76
Total 98.55 99.18 99.31 99.69 101.43
Structure formula based on 12.5 oxygens
P 2.866 2.899 2.881 2.911 2.634
Si 0.124 0.081 0.061 0.078 0.530
Ti 0.004 0.002 0.002 0.008
sum P site 5.061 5.076 5.158 5.053 4.813"
Al 0.004 0.001 0.001 0.021
Fe 0.155 0.139 0.120 0.131 0.364
Mn 0.002 0.006 0.002 0.004
Mg 0.002 0.001
Ca 4.856 4.902 4.992 4.886 4.372
K 0.001 0.002 0.001 0.001 0.007
Sr 0.013 0.010 0.009 0.010 0.011
La 0.003 0.001 0.001 0.001 0.004
Ce 0.016 0.012 0.014 0.012 0.016
Y 0.011 0.007 0.013 0.010 0.015
sum Ca site 2.995 2.982 2.944 2.990 3.173°
F 0.404 0.457 0.585 0.596 0.442
Cl 0.108 0.095 0.040 0.079 0.083
S 0.027 0.012 0.002 0.006 0.018
°OH cal 0.461 0.436 0.373 0.320 0.457
H,0 cal(wt 0.825 0.781 0.669 0.572 0.818
%)
X 0.398 0.454 0.580 0.596 0.451
Xal 0.110 0.098 0.041 0.082 0.088

@ This data point (No. 50) is contaminated with clinopyroxene, as shown by
the high SiO5 and FeO contents (italicized) and anomalous total cation numbers
for both Ca site and P site(italicized), but shown here for the completeness of the
profile.

b Mole fraction of OH endmember is calculated assuming F-+Cl + S+OH=1.

¢ Mole fractions of F and Cl in apatite are calculated following Piccoli and
Candela (2002) with equations of Xp=Cp/3.767 and X¢; = Cc1/6.809, where Xg
and Xc) are mole fractions of F and Cl in apatite and Cy and Cc; are F and Cl
contents in apatite in wt%.

onset of liquid immiscibility between 1024 and 1002 °C. Their experi-
mental results have shown a relative enrichment of Ti, Fe, Mn, Mg, Ca,
Ba, P and Zr in the immiscible mafic melt, while Si, Al, Na and K are
preferred by the felsic melt. Similar observations have been made for the
immiscible melt pairs found in both olivine and ilmenite from clast 2
(Fig. 11), with partition coefficients obtained from the melt pair in
ilmenite being closer to the experimental values from Stadermann et al.
(2022), indicative of a similar stage of evolution. The higher partition
coefficients of Fe, Mn, Mg and Ca for the melt pair in olivine, are a
unique feature which can be explained by the low concentrations of
these elements in the felsic melt. The relative enrichments of Al,O3 in
mafic melt and BaO in felsic melt are different from the experimental
observations of Stadermann et al. (2022). However, the uncertainty is
large for partition coefficients with values close to ~ 1.

Moreover, Stadermann et al. (2022) have shown that, with
decreasing temperature, this is a further divergence between the
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Table 3
Apatite compositions along the degassing zoning profile shown in Fig. 4b.
Analytical CE5- CE5- CE5- CE5- CE5- CE5- CE5-
No. 1-AP- 1-AP- 1-AP- 1-AP- 1-AP- 1-AP- 1-AP-
31 32 33 34 35 36 37
P,0s 38.69 39.53 38.44 38.08 39.02 39.38 39.08
SiO, 2.29 1.68 2.17 2.34 2.04 1.75 1.80
TiOy 0.18 0.18 0.22 0.19 0.21 0.15 0.16
Al,03 0.07 0.05 0.07 0.07 0.07 0.04 0.12
FeO 2.88 2.62 3.16 3.62 3.26 2.95 3.20
MnO 0.11 0.06 0.14 0.12 0.08 0.09 0.08
MgO 0.030 0.008 0.001
CaOo 52.21 52.64 51.19 51.15 50.90 51.62 51.80
K;0 0.042 0.017 0.011 0.019 0.005 0.016 0.014
SrO 0.14 0.25 0.26 0.22 0.24 0.22 0.21
Lay0O3 0.02 0.13 0.13 0.13 0.09 0.14 0.09
Cez03 0.33 0.41 0.47 0.61 0.42 0.40 0.47
Y203 0.31 0.25 0.16 0.14 0.23 0.22 0.19
F 2.01 2.18 1.65 1.41 1.61 1.53 1.63
Cl 0.64 0.78 1.05 1.09 1.07 0.97 0.83
S(ppm) 722 1405 2420 2635 3052 2431 2302
O=F+Cl + 2.01 2.26 1.99 1.81 1.99 1.85 1.86
S

Total 97.99 98.65 97.38 97.66 97.55 97.87 98.03
Structure formula based on 12.5 oxygens

P 2.807 2.853 2.817 2.793 2.847 2.862 2.841
Si 0.196 0.143 0.188 0.203 0.176 0.150 0.155
Ti 0.011 0.012 0.014 0.013 0.013 0.010 0.010
sum P site 5.054 5.044 5.036 5.069 4.987 5.010 5.051
Al 0.007 0.005 0.008 0.007 0.007 0.004 0.012
Fe 0.206 0.186 0.229 0.262 0.235 0.212 0.230
Mn 0.008 0.005 0.010 0.009 0.006 0.006 0.006
Mg 0.004 0.001

Ca 4.793 4.806 4.748 4.747 4.700 4.748 4.765
K 0.005 0.002 0.001 0.002 0.001 0.002 0.002
Sr 0.007 0.012 0.013 0.011 0.012 0.011 0.011
La 0.001 0.004 0.004 0.004 0.003 0.005 0.003
Ce 0.010 0.013 0.015 0.019 0.013 0.012 0.015
Y 0.014 0.011 0.008 0.007 0.010 0.010 0.009
sum Ca site 3.014 3.007 3.020 3.008 3.036 3.022 3.005
F 0.543 0.588 0.452 0.385 0.440 0.415 0.442
Cl 0.093 0.113 0.154 0.160 0.156 0.142 0.120
S 0.012 0.022 0.039 0.043 0.049 0.039 0.037
YOH cal 0.352 0.277 0.355 0.412 0.355 0.405 0.401
H,0 cal(wt 0.631 0.495 0.635 0.737 0.635 0.725 0.718

%)

Xp 0.532 0.579 0.439 0.373 0.429 0.405 0.432
Xa 0.094 0.115 0.154 0.160 0.157 0.143 0.121

Footnotes are the same as for Table 2.

immiscible mafic and felsic melt compositions, that is, Fe, Mg, Mn, Ca, Ti
and P will concentrate further in the mafic melt, while Si, Al, Na, K and
Ba will partition more into the felsic melt. Previous studies of natural
samples and experiments have also shown that partition coefficients for
BaO between mafic and felsic melts change from > 1 to < 1 as the
immiscibility gap becomes wider (Shearer et al., 2001). The increasing
Al, Na, K and Ba contents from the felsic melt in olivine, to the felsic melt
in ilmenite, and then to the late-stage felsic melts, are in agreement with
such a prediction (Fig. 10). Immiscible melt inclusions found in Apollo
samples (compiled by Zeng et al. (2020)) are also shown in Fig. 10 for
comparison. The immiscible felsic melt inclusions have major element
compositions similar to the late-stage felsic melts from our sample; while
the corresponding immiscible mafic melt inclusions show lower SiOa,
Al;03 and CaO, higher FeO, TiO; and P;0s5 contents compared to the
early-stage immiscible mafic melts observed in our sample; indicating
that they also record a late-stage melt immiscibility.

After melt immiscibility, the relative enrichment of mafic compo-
nents and depletion of felsic components in the immiscible mafic melt
kick-started the crystallization sequence again. The rim of clinopyroxene
grains, approaching ferrosilite in composition, crystallized from the
immiscible mafic melt, has lower Mg#, CaO, Al,03, and TiO5 contents
compared to the core composition (Wang et al., 2023). This reflects the
trend of melt compositional evolution due to fractional crystallization
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Table 4
Compositions for medium-sized euhedral apatite grains with bright cores.
Analytical No. CE5- CE5- CES5- CE5- CE5- CE5- CE5- CES5- CE5- CE5- CE5-
ap23 ap23 ap23 ap24 ap25 ap25 ap25 ap26 ap27 ap28 ap28
—core —mantle —rim? —core —core? —mantlel —mantle2 —rim —rim? —core? —rim
P,0s5 35.99 38.37 29.06 35.97 31.92 37.38 38.61 36.34 31.99 36.83 38.01
SiO, 6.81 4.25 17.34 3.81 10.18 5.36 2.05 3.14 13.95 9.59 2.93
TiO, 0.20 0.13 0.33 0.58 0.19 0.25 0.20 0.07 0.30 0.08 0.06
Al,03 0.82 0.03 0.36 0.06 1.09 0.51 0.08 0.05 0.27 0.64 0.17
FeO 5.41 3.22 16.67 3.81 3.34 5.12 3.35 3.02 12.10 2.48 2.12
MnO 0.09 0.13 0.19 0.04 0.04 0.10 0.06 0.14 0.15 0.10 0.02
MgO 0.007 0.025 0.037 0.079 0.006 0.005 0.036
CaO 48.14 50.97 40.67 49.78 44.83 48.96 53.46 53.50 43.92 49.96 54.08
K50 0.197 0.015 0.006 0.481 0.014 0.024 0.004 0.455 0.055
SrO 0.21 0.25 0.22 0.25 0.16 0.26 0.22 0.26 0.16 0.21 0.28
Lay03 0.35 0.39 0.05 0.28 0.33 0.22 0.18 0.13 0.29 0.19
Cep03 1.10 1.30 0.24 1.08 1.26 0.61 0.62 0.37 0.27 0.92 0.74
Y203 0.85 0.91 0.09 0.71 0.66 0.23 0.25 0.23 0.10 0.71 0.25
F 1.99 2.04 0.72 1.35 1.40 1.20 1.30 1.31 1.29 1.81 0.97
Cl 0.25 0.24 0.36 0.32 0.18 0.35 0.55 0.42 0.41 0.17 0.46
S(ppm) 200 188 776 288 804 2444 2564 268 288 164 468
O=F+Cl + S 1.80 1.83 0.81 1.30 1.30 1.29 1.47 1.31 1.29 1.61 1.05
Total 100.64 100.44 105.62 96.77 94.84 99.59 99.75 97.72 103.66 102.65 99.37
Structure formula based on 12.5 oxygens
P 2.548 2.721 2.667 2.658 2.776 2.671 2.729
Si 0.569 0.356 0.334 0.450 0.174 0.273 0.249
Ti 0.013 0.008 0.038 0.016 0.013 0.005 0.004
sum P site 4.894 4.922 5.048 4.881 5.165 5.251 5.147
Al 0.081 0.003 0.006 0.050 0.008 0.005 0.017
Fe 0.378 0.225 0.279 0.359 0.238 0.219 0.150
Mn 0.006 0.009 0.003 0.007 0.005 0.010 0.002
Mg 0.001 0.003 0.010 0.001 0.005
Ca 4.314 4.575 4.670 4.405 4.865 4.977 4.914
K 0.021 0.002 0.001 0.001 0.003 0.006
Sr 0.010 0.012 0.012 0.013 0.011 0.013 0.014
La 0.011 0.012 0.009 0.007 0.006 0.004 0.006
Ce 0.034 0.040 0.035 0.019 0.019 0.012 0.023
Y 0.038 0.041 0.033 0.010 0.011 0.011 0.011
sum Ca site 3.130 3.085 3.039 3.124 2.963 2.949 2.982
F 0.527 0.539 0.374 0.320 0.350 0.361 0.260
Cl 0.035 0.035 0.048 0.049 0.079 0.061 0.067
S 0.003 0.003 0.005 0.038 0.041 0.004 0.007
YOH cal 0.435 0.423 0.573 0.592 0.531 0.574 0.666
H0 cal(wt%) 0.780 0.758 1.026 1.060 0.950 1.027 1.192
Xp 0.529 0.540 0.358 0.320 0.346 0.349 0.257
Xa 0.036 0.036 0.048 0.051 0.080 0.061 0.068

@ These data points are contaminated with clinopyroxene or felsic melt inclusion, shown here for the ease of identifying the zoning pattern. Other footnotes are the

same as for Table 2.

before melt immiscibility. The crystallization of Fe-rich clinopyroxene,
plagioclase and ilmenite from immiscible mafic melt will have a similar
effect on the evolution of major elements, but cause further enrichment
of incompatible elements, like P, Ba, K, REEs and Zr. Although the late-
stage immiscible mafic melt has crystallized completely, the felsic melt
has been preserved. Compositional variations of these late-stage felsic
melts indicate that crystallization of the immiscible mafic melt is
accompanied by compositional re-equilibration between the immiscible
melt endmembers. The positive correlations between Al,03, BaO and
P,05 contents in late-stage felsic melts suggest that these elements can
be used as indices for the relative timing of entrapment, since incom-
patible elements become increasingly concentrated during immiscible
mafic melt crystallization.

Being a late crystallizing mineral phase, apatite is found in the
mesostasis regions of the sample. The close association between apatite
and clinopyroxene, ilmenite, plagioclase, troilite, olivine, hyalophane,
merrillite and Zr-bearing minerals (Figs. 1-3) suggests that they all
crystallized from the late-stage immiscible mafic melt. This interpreta-
tion is supported by relative enrichment of Ti, Fe, Mn, Mg, Ca, Ba, P and
Zr in the immiscible mafic melt (Fig. 10 and Table 5), and it does not
contradict the notion that immiscible felsic melt maintains an equilib-
rium with the crystallization products of immiscible mafic melt, nor does
it rule out the possibility that hyalophane, apatite and/or merrillite can
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crystallize from the immiscible felsic melt. Variations of element parti-
tioning between the immiscible melt pairs and their crystallization
during lunar basaltic evolution certainly deserve further experimental
investigation. Our current understanding is that melt immiscibility
enhanced the enrichment of incompatible elements in the immiscible
mafic melt and promoted the saturation of phosphates, hyalophane and
Zr-bearing minerals.

Theoretically speaking, sulfide saturation can happen at any stage of
the melt evolution. In our samples, sulfide is mainly present in the
mesostasis, suggesting that it is part of the crystallization product from
the immiscible mafic melt. Large troilite crystals may be part of an
earlier stage of crystallization along with clinopyroxene, ilmenite and
plagioclase. The common coexistence of troilite and vapor voids (Fig. 1)
suggests that the growth of troilite is contemporaneous with degassing.
Degassing could well be a direct result of crystallization of the immis-
cible mafic melt. The §3*S values of troilite in the CES5 basalts range from
—1.6 %o to 2.0 %o, showing both inter-grain and intra-grain variability,
which has been suggested to be caused by degassing (Liu et al., 2022).

In summary, melt immiscibility, immiscible mafic melt crystalliza-
tion, sulfide saturation and degassing are protracted processes during
lunar basaltic evolution. It is important to take these processes into ac-
count when interpreting trace element and volatile records in both
apatite and melt inclusions.
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4.2. The coexistence of apatite and merrillite

The coexistence of apatite and merrillite is a common occurrence in
lunar and Martian samples. As merrillite contains no Hy0O, the presence
of merrillite in lunar and Martian samples, and its absence in terrestrial
samples, have been cited as evidence for H,O depletion in lunar and
Martian magmas relative to magmas on Earth (Jolliff et al., 2006; Patino
Douce et al., 2011). However, McCubbin et al. (2014) reported the
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coexistence of merrillite with OH-rich apatite (up to the equivalent of
8600 ppm H0) in the Shergotty Martian meteorite, suggesting that the
presence of merrillite cannot be used as evidence for HyO-poor magma.
Through thermodynamic modeling, Patino Douce and Roden (2006)
demonstrated that the stability of apatite and merrillite depends on the
activities of phosphorous and halogens, with the presence of merrillite
indicating a depletion of halogens or enrichment of phosphorous or
both.
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The high FeO and low MgO contents in both apatite and merrillite
found in our samples (Table 1-4) suggest their crystallization from a late-
stage FeO-rich melt, which is likely to be the FeO-enriched mafic melt
produced through immiscibility, consistent with textural evidence.
Moreover, apatite grains in close proximity to merrillite have higher FeO
contents (e.g., cluster No.23-26). This is also observed in samples re-
ported by Hu et al. (2021); e.g., apatite from 406-015,014 has higher S
and FeO contents than that from 406-015,001, while showing similar
textures, the difference being the coexistence of merrillite in
406-015,014. Although this could reflect a local chemical character,
another explanation is that the saturation of merrillite may occur later
than that of apatite. This is consistent with the occurrence of merrillite
as anhedral grains intergrowing with other mineral phases (Fig. 1d, 2,
3). The depletion of halogens due to apatite crystallization and degass-
ing could result in the crystallization of merrillite/merrillite + apatite at
a later stage of immiscible mafic melt crystallization.

Based on the analyses of apatite and merrillite grains in close vi-
cinity, REE partition coefficients between merrillite and apatite are
estimated to be around 10, in agreement with the reported values for
merrillite with REE contents approaching saturation, i.e., 2REE per 56
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oxygens (Jolliff et al., 1993). The high REE contents in merrillite also
supports its crystallization from immiscible mafic melt. The enrichment
of P and REEs in the immiscible mafic melt could be important
contributing factors for merrillite saturation.

Our interpretations can be further demonstrated using the sche-
matic phase diagram for merrillite and apatite crystallization pre-
sented in Patino Douce and Roden (2006), with the fluorapatite
endmember shown in Fig. 12 as an example. According to the analyses
of Patino Douce and Roden (2006), the Fp and O, fugacity ratios (log(f
(F2)orm/j f(02)(13/1:21v[)) increase in the order of Mars, Earth and the Moon,
with average values of —0.578 + 0.173, 0.042 + 0.378, and 0.635 +
0.238 based on the samples presented therein. The crystallization path
for Mars may firstly reach merrillite crystallization, then apatite and
merrillite co-crystallize at the pseudo-invariant point where the
fugacity ratio between F5 and O is fixed. The magmatic evolution for
lunar and terrestrial samples may reach the apatite phase boundary
first, then in the case of lunar samples, devolatilization and increase of
P,05 activity could move the system towards merrillite saturation. The
absence of merrillite in terrestrial samples suggests that the P05 ac-
tivity was never high enough to reach merrillite saturation.
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4.3. The evolution of apatite compositions

The difference in zoning patterns, and general inter-grain variations
of shapes, sizes and compositions suggest different generations of apatite
crystallization. For example, the large apatite grain with FC-dominated
zoning may have crystallized early from the immiscible mafic melt, with
its core containing the lowest level of incompatible elements (e.g., 0.28
wt% Cl, 147 ppm S, 0.72 wt% SiOo, 1.70 wt% FeO and 0.029 wt% TiO3)
among all apatite grains analyzed (Table 2). The observed increasing
trends for nonvolatile elements in the FC-dominated zoning are consis-
tent with the progressive enrichment of incompatible elements during
the crystallization of late-stage immiscible mafic melt.

The higher incompatible element concentrations, e.g., Cl, S, FeO,
SiO5 and TiOs, in the apatite grain displaying degassing-induced zoning,
indicate that this apatite grain crystallized at a later stage than the
apatite displaying FC-dominated zoning. The apatite grain with
degassing-induced zoning lies next to a large vapor void, which supports
the interpretation that its compositional zoning is due to the degassing
process. As shown by the fractional crystallization modeling in section
4.5, apatite has such a strong preference for F that F content in apatite
can still display a decreasing trend when there is H,O degassing. The
preservation of degassing zoning in this apatite grain may be attributed
to its high Cl and S contents. One possibility is that significant Cl and S
degassing occurs when Cl and S contents in melt are high enough after a
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certain degree of fractional crystallization. Another possibility is that the
effect of degassing on apatite composition may be more prominent when
the ClI and S contents in apatite are high. The decreasing Cl content in
apatite due to degassing may be accompanied by decreasing REEs, SrO,
and SiO; contents, considering that accommodation of REEs and SrO is
favored in Cl-Ap endmember (Li and Hermann, 2017), and REEs and
SiO4 represent coupled substitutions for CaO and P,Os in apatite. The
higher TiO; content in this apatite and its close association with ilmenite
may indicate the onset of ilmenite crystallization after the immiscible
mafic melt reaches high enough TiO, content. An alternative explana-
tion for the decrease in nonvolatile elements in the degassing profile
may be a depletion of these elements in the surrounding residual magma
due to the fast growth of apatite (Mollo and Hammer, 2017).

The medium-sized euhedral apatite grains with bright cores likely
represent the main stage of apatite crystallization accompanying the
enrichment of REEs in the evolving melt. Decreasing REE contents from
core to rim, may be a result of the co-crystallization of merrillite or
regional depletion of REEs during fast nucleation and growth of apatite.
Decreasing F and increasing Cl and S contents from core to rim (Fig. 3
and Table 4) indicate the fractional crystallization progress, although
the low values of Cl and S may reflect depletion as a result of previous
degassing processes.

Both intra-grain and inter-grain compositional variations in apatite
are common in previously reported Apollo samples, although detailed
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studies of apatite zoning are rare (Greenwood et al., 2011; Boyce et al.,
2014). Boyce et al. (2014) reported a fractional crystallization zoning
profile (~400 pm long) in an apatite grain from Apollo sample
12039,42, with volatile concentrations varying in similar ranges, e.g.,
from core to rim, ~2-1 wt% for F, ~0.1-1 wt% for Cl and ~ 0.7-1.2 wt%
for HyO, but lower S contents (~0-600 ppm), compared to the FC-
dominated zoning (~15 pm long) observed in our sample. This apatite
grain coexists with decomposed olivine, pyroxene and plagioclase, likely
formed before significant degassing, which explains its high volatile
(H20, Cl and S) contents at the rim. The zoning pattern of medium-sized
euhedral apatite grains, i.e., higher F, REEs, FeO and SiO in the core and
higher Cl in the rim, is similar to that reported for apatite in Nakhla by
Martinez et al. (2023); which was interpreted to represent sequential
crystallization from a melt that was becoming Cl-enriched due to
assimilation of volatile-rich crustal sediments. However, such an
explanation is unlikely to be applicable to CE5 basalt.

The preservation of apatite zoning in micrometer scale within our
samples suggests fast growth of apatite. Similar observations have been
reported for Cl and Cl isotopic compositions in CE5 apatite by means of
NanoSIMS analyses (Ji et al., 2022). Both the tiny crystal size and
compositional zoning reflect fast cooling during the last stage of lunar
basaltic evolution. The patchy zoning and skeletal crystal shapes
(Fig. 1e), in particular, reflect fast and numerous nucleation of apatite
during the final stage of crystallization. Sometimes the skeletal apatite
grains have only a shell (Fig. 1e), which may suggest a reversed crys-
tallization, i.e., similar to the formation mechanism of hollow crystals.
This represents an alternative explanation for the apatite zoning with
bright cores or the degassing-induced zoning profile observed. Without
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further evidence, however, this remains speculation. If apatite grains
with bright cores did crystallize inwards, the higher F and lower Cl and S
contents in the core compared to the rim suggest a degassing process
accompanying the fractional crystallization process.

4.4. Sulfur solubility in lunar melt

The high S contents (~2500 ppm) measured in immiscible mafic
melts preserved in olivine and ilmenite in clast 2 are in agreement with
their high FeO contents (>20 wt%) (Fig. 13a). The coexisting immiscible
felsic melts have high S contents (~500 ppm) as well, which is in clear
contrast to the low S contents (mostly < 100 ppm) measured in the late-
stage felsic melts (Fig. 13a). As the immiscible melt pair found in olivine
from clast 2 show coexistence with a troilite grain, the measured S
contents in the melt pair may be considered as the sulfur content at
sulfide saturation (SCSS) (Shima and Naldrett, 1975), i.e., the maximum
S content that can be dissolved in melt when reaching sulfide saturation.
The close association of felsic melt with both sulfide and vapor voids in
the mesostasis suggests that the late-stage felsic melt may have experi-
enced troilite saturation as well, possibly at the same time as degassing.
If this is the case, we may ask the question why the SCSS values for the
late-stage felsic melts are lower than that for the earlier-stage felsic melt
found in olivine and ilmenite?

We used three different models from O’Neill (2021), Ding et al.
(2018) and Liu et al. (2007) to calculate SCSS for the melt inclusions
found in our samples (Fig. 13b, Table 5). The O’Neill (2021) model was
calibrated based on experimental data for basic melts with FeO content
> 1 wt%, while the model by Ding et al. (2018) was calibrated for
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basaltic melts with FeO contents > 5 wt%; both models address high FeO
compositions (>15 wt%), and are therefore considered applicable to the
immiscible mafic melts. The model of Liu et al. (2007) was calibrated for
a wide range of melt compositions. To the best of our knowledge, it is the
only model that included SCSS data for anhydrous felsic melt compo-
sitions. All three models require input parameters of pressure, temper-
ature and melt composition. The pressure is set at 1 bar (He et al., 2022)
and temperature is calculated using the magma thermometer of Putirka
(2008) as suggested by O’Neill (2021), resulting in temperature esti-
mations of ~1200 °C, ~1050 °C, ~1050 °C and ~900 °C for the melt
pair in olivine, the melt pair in ilmenite, devitrified melt inclusions in
olivine and late-stage felsic melt, respectively. The calculated SCSS
values show a general comparability with measured S contents in melt,
in support of the interpretation that sulfide saturation exerts the domi-
nant control on S content in melt (Fig. 13b). The larger discrepancy
between SCSS model prediction and S content in immiscible mafic melt
is noteworthy (Fig. 13b), reflecting the difficulty in predicting SCSS in
high-FeO mafic melt, with the predictions by Ding et al. (2018) being
closest to the measured values. Calculated SCSS values for felsic melts by
all three models are largely similar. However, only the O’Neill (2021)
model predicted the high S content in the immiscible felsic melt found in
olivine; with the other two model predictions being lower than the
measured S content (Table 5). The high S content in this melt can be
attributed to its low FeO content (~1 wt%) and high temperature con-
ditions (~1200 °C estimated); while only the O’Neill (2021) model
incorporated the negative correlation between S and FeO contents in
melt when FeO content is < 5 wt%. Calculated SCSS values for the felsic
melt in ilmenite by all three models are lower than the S content
measured (Table 5). The HyO effect has not been taken into consider-
ation here; leading us to wonder whether its high S content can be
attributed to a high H>O content?

The good agreement between calculated SCSS values and the low S
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contents in late-stage felsic melts suggests that these low values repre-
sent sulfide saturated conditions (Table 5). In comparison to the high S
contents in earlier-stage felsic melts in olivine and ilmenite, these lower
values can be attributed to the lower temperature conditions, and also
possibly lower H20 content in melt after degassing.

4.5. An explanation for high sulfur contents in lunar apatite

Sulfur contents in apatite obtained in this study vary in a large range
of ~ 130 ppm to ~ 3000 ppm, expanding previous reports on Apollo
apatites (up to ~ 600 ppm) to much higher values. Although not their
research focus, several previous studies reported apatite compositions
from CE5 basalt with S contents up to ~ 2000 ppm (Che et al., 2021; Hu
et al., 2021; Li et al., 2021). Moreover, we find that there is a positive
correlation between FeO and S contents for apatite reported in both this
study (Fig. 14a) and previous studies (Fig. 14b). The data points which
deviate from the general positive correlation in Fig. 14a are from the
bright cores of the medium-sized euhedral apatite grains. The FeO
content in apatite may be considered as the “arrow of time”, pointing out
the direction of fractional crystallization.

During fractional crystallization, S content in melt increases due to
the incompatible nature of S; however, unlike other volatiles, S content
in melt is limited by the saturation of sulfide, which poses an upper limit
on S content in melt, i.e., SCSS. The coexistence of apatite and sulfide in
the mesostasis suggests that the immiscible mafic melt likely reached
sulfide saturation when apatite started to crystallize. If S is treated as a
trace element, the ten-fold increase of S content in FC-dominated zoning
(Fig. 5) would be difficult to explain using Nernst partition coefficients
(Konecke et al., 2017).

The positive correlation between Cl and S contents in apatite shown
in the plot of all analytical points (Fig. 6b) and the synchronous increase
or decrease of Cl and S contents in both the fractional crystallization and
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Shearer et al., 2001) and 14 (Snyder et al., 1993) samples.

degassing zoning profiles suggest that they behave similarly during
fractional crystallization and degassing. Therefore, we propose that the
high S contents in apatite may be explained by the fractional crystalli-
zation model proposed in Boyce et al. (2014).

If the core composition of the FC-dominated zoning profile can be
considered to represent the apatite composition during the initial stage
of saturation, and the immiscible mafic melt in ilmenite can be consid-
ered to represent the melt composition in equilibrium with this apatite,
then we can estimate the S partition coefficient between apatite and
sulfide-saturated mafic melt to be ~ 0.06, consistent with experimental
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values (Konecke et al., 2019); if the immiscible felsic melt is also in
equilibrium with this apatite composition, an estimated S partition co-
efficient of ~ 0.3 is also in agreement with the experimental results
(Konecke et al., 2017).

To test this idea, fractional crystallization modeling has been per-
formed according to the method of Boyce et al. (2014), which employs
the canonical fractional crystallization equation, but implemented with
a step-wise recalculation of partition coefficients from apatite and melt
equilibrium for each step; and apatite composition is calculated based on
exchange coefficients. It is assumed that nominally anhydrous minerals
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Table 5
Average compositions for different kinds of melt inclusions and corresponding SCSS values calculated with three different models.
Description Clast 2- Clast 2- Clast 2- o(5) Clast 2- 6(3) Clast 2- 6(3) Clast 2-late- o(7) Clast 1-late- 6(19)
melt pairin  melt pairin  in olivine- melt pair in melt pair in stage felsic stage felsic
olivine olivine devitrified ilmenite ilmenite melt melt
—mafic —felsic —mafic —felsic
SiOy 49.28 87.01 54.18 1.96 50.74 0.12 78.58 3.46 78.66 3.58 80.06 1.68
TiO, 1.41 0.77 3.69 0.59 1.25 0.17 0.52 0.04 0.42 0.12 0.58 0.22
Al,03 5.78 5.48 8.00 1.07 10.18 0.25 6.74 0.22 10.62 0.79 10.15 0.64
FeO 20.42 1.01 13.25 1.51 24.13 0.22 4.33 0.72 2.34 0.67 2.44 0.80
MnO 0.34 0.04 0.19 0.04 0.33 0.03 0.06 0.02 0.02 0.01 0.02 0.01
MgO 5.98 0.09 2.54 0.39 0.58 0.07 0.10 0.02 0.05 0.08 0.01 0.01
CaO 15.47 2.49 14.95 0.79 12.10 0.10 3.27 0.50 1.31 0.44 1.00 0.19
NaO 0.20 0.45 0.52 0.11 0.28 0.13 0.23 0.04 0.34 0.12 0.24 0.06
K0 0.17 0.15 0.35 0.28 0.77 0.52 2.06 0.19 4.92 0.94 3.60 0.63
BaO 0.05 0.08 0.14 0.03 0.07 0.01 0.08 0.01 0.77 0.32 0.45 0.14
P,05 0.09 0.01 0.73 0.15 0.47 0.02 0.11 0.03 0.11 0.05 0.10 0.05
Cl 0.03 0.01 0.01 0.008 0.004 0.009 0.005 0.03 0.03 0.005 0.004
Total 99.26 97.63 98.60 1.12 100.92 0.33 96.11 2.67 99.61 2.98 98.69 0.81
S(ppm) 2596 528 1399 493 2497 331 479 161 82 80 102 98
SCSS model predictions
P(bar) 1 1 1 1 1 1 1
T(°C) 1200 1200 1050 1050 1050 900 900
O’Neill 2021 5071 409 1945 3605 171 65 59
Liu et al 3405 162 1319 1594 322 99 84
2007
Ding et al 3775 221 1406 2121 236 109 95
2018
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Fig. 11. Oxide and volatile ratios between immiscible mafic and felsic melt pairs in olivine and ilmenite of clast 2.

(NAMs) contain no F, Cl and H,0, the parental melt contains 70 ppm F,
40 ppm Cl, 1500 ppm H30 and 760 ppm S (see section 4.7 for derivation
of these values), and apatite reaches saturation after ~90 % crystalli-
zation and ~ 90 % degassing. In this simplified scenario, the volatile
contents of the immiscible mafic melt from which apatite crystallized,
would be similar to the parental melt, although melt immiscibility may
cause volatile fractionation, the degree to which is unconstrained. The
exchange coefficients between F-Cl-H,0 from McCubbin et al. (2015a)
have been used in the modeling. To incorporate S, the exchange coef-
ficient between Cl and S, K4(Cl-S), has been estimated to be 100 + 70
based on the average partition coefficients for Cl and S, 2 + 1 and 0.02
+ 0.01, from McCubbin et al. (2015a) and Konecke et al. (2019),
respectively. By assuming P2Os content in excess, that is, the amount of
apatite crystallized is limited by the volatile contents, we modeled the
evolution of F, Cl, Hy,O and S contents in melt and apatite between 90
%-91 % crystallization with results shown in Fig. 15. We see a mono-
tonic decrease of F (70-13 ppm) and Cl (40-30 ppm), and a slight in-
crease of HyO (1500-1625 ppm) and S (760-843 ppm) in melt. The
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modeling results for apatite reproduce the decreasing F and increasing
H30 profiles of the FC-dominated zoning found in our sample and re-
ported for Apollo sample 12039,42 in Boyce et al. (2014). The modeling
results also predict increasing Cl and S contents in apatite; however, the
magnitude of Cl increase (up to 0.4 wt%) is lower than that observed in
both our sample and Apollo sample 12039,42 (0.8-0.9 wt%). While the
magnitude of S increase matches that for the FC zoning in Apollo sample
12039,42 (up to ~ 600 ppm), it is lower than that in the FC-dominated
zoning in our sample (up to ~ 1700 ppm at the rim).

As shown in Fig. S3 of Boyce et al. (2014), the trend of variation for F,
ClL, H0 and S in apatite depends on the relative abundances between F,
ClL, HpO and S in the initial melt, while the absolute contents only
determine how far apatite crystallization will progress. The decreasing F
and increasing Cl, HoO and S contents in apatite reflect the preference of
apatite for F, and the rise in concentration occurs in the sequence of Cl,
H50 and then S, simply because the values of partition coefficients be-
tween apatite and melt decrease in the order of Dg>D¢) > Dy20>Ds.
There is currently no experimental constraint on exchange coefficients
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involving S, however, increase of partition coefficients for Cl and S can
increase the Cl and S contents in apatite for the whole profile, but not the
magnitude of increase along the profile. One possible solution to
enhance the magnitude of Cl and S increase in apatite is by degassing
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loss of Hy0, the effect of which is demonstrated by manually setting the
H30 content in melt to decrease in even steps to 500 ppm (Fig. 15 e-h).
The magnitude of Cl and S increase along the profile is reproduced in
this case (Fig. 15g). As S is less affected by degassing, we may set the S
content in melt at apatite saturation at 2500 ppm, i.e., the SCSS for mafic
melt; and it remains this figure during fractional crystallization. Such a
revision produces higher S contents along the profile, and is able to
reproduce the highest S contents measured in our sample (Fig. 15h). The
above solutions are plausible considering that apatite is likely to record
the convolution of fractional crystallization and degassing during the
late stage of lunar basaltic evolution. Hu et al. (2021) reported H iso-
topic analyses of apatite from several CE5 basaltic clasts, with 8D values
ranging from 275+85 %o to 1022+87 %o, supporting coeval apatite
crystallization with degassing.

4.6. Implications for the compositional and isotopic variations of lunar
apatite

In comparison to apatite compositions reported for Apollo high-Ti
and low-Ti mare basalts, apatite compositions obtained from clast 1
show relatively low F and high Cl characteristics, similar to the apatite
compositions reported for meteorites LAP 04841 (Tartese et al., 2013)
and MIL 05035 (Joy et al., 2008). Moreover, LAP basalts are low-Ti, low-
Al and low-K basalts, but significantly more ferroan and enriched in
REEs compared to Apollo 12 and 15 low-Ti basalts (Anand et al., 2006;
Day et al., 2006; Joy et al., 2006; Hill et al., 2009). They mainly consist
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of pyroxene, plagioclase and ilmenite, with only minor amounts of
olivine and silica. Such evolved compositional characteristics for LAP
basalts are also similar to that of clast 1. MIL 05035 is low- to very-low-
Ti basalt composed mainly of pyroxene and plagioclase, with depleted
incompatible trace element concentrations, akin to other Apollo very-

low-Ti basalts (Joy et al., 2008; Liu et al., 2009). Therefore, the rela-
tively low F and high CI characteristics of apatite may be related to the
evolved compositional character of the host basalt. Similarly, petroge-
netic models invoking low degrees of partial melting and high degrees of
fractional crystallization have been proposed to explain the evolved
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composition and enriched REE concentrations of CE5 basalt (Tian et al.,
2021) and LAP basalts (Day et al., 2006; Elardo et al., 2015).

Considering all apatite data shown in Fig. 7 together, there are two
different trends, one is represented by apatite compositions from Apollo
low-Ti and high-Ti basalts, showing mainly the exchange between F and
OH in apatite; the other is represented by apatite compositions with
higher CI contents, e.g., MIL 05035, the FC zoning and also the degassing
zoning profiles, which is dominated by the exchange between F and Cl.
The F-OH exchange trend suggests HoO>F>Cl in melt during fractional
crystallization, while the F-Cl exchange trend reflects HoO>Cl > F in
melt (McCubbin et al., 2015b) and possibly the contribution of degass-
ing processes (McCubbin et al., 2016). Our fractional crystallization
modeling results support that apatite compositional evolution is domi-
nated by decreasing F and increasing H2O contents during fractional
crystallization when melt has HyO>F>Cl (Fig. 15¢) and HoO degassing
can cause an increase of Cl in apatite (cf. Fig. 15c and 15 g).

It is noteworthy that a gradual degassing of HO did not cause a drop
of H,O content in apatite, but a lower magnitude of increase along the
fractional crystallization profile, while F content in apatite still displays
a decreasing trend (Fig. 14g). This demonstrates the strong preference
for F by apatite, that is, the fractional crystallization zoning is likely to
dominate when degassing is not significant enough to alter such a trend.
This can lead to a positive correlation between 8D values and HpO
content in apatite, such as seen in lunar meteorite MIL05035 (Tartese
et al., 2013) and mare basalt samples 10044 and 12064 (Barnes et al.,
2013). Chlorine isotopic compositions of CE5 apatite are reported to
vary from 4.5 to 18.9 %o, showing a positive correlation with Cl content
(820-11989 ppm, measured by NanoSIMS) (Ji et al., 2022). Such a
counterintuitive positive correlation can be explained by degassing loss
of HyO combined with a lesser extent of Cl loss during apatite
crystallization.

4.7. Volatile contents in the CE5 parental melt inferred from apatite
compositions

As the main volatile-bearing mineral in lunar samples, apatite
composition can provide information regarding the volatile contents in
melt at apatite saturation, based on the assumption of apatite-melt
equilibrium. The volatile contents in the parental melt can then be
calculated if the percentage of crystallization before apatite saturation is
known. After recognizing the Non-Nernstian partitioning behavior of F,
Cl and H30 between apatite and melt (Boyce et al., 2014; McCubbin
et al., 2015a; Li and Hermann, 2015), the consensus now is to employ
exchange coefficients, in combination with an estimated concentration
for one of the volatiles in the parental melt, F is recommended as it is
least affected by degassing, in order to obtain the concentration values
for other volatiles (McCubbin et al., 2015a). The inherent assumption
here is that the volatile ratios are the same between the parental melt
and melt at apatite saturation. The application of this method has proven
to be quite useful in combination with melt inclusion studies for con-
straining the volatile budget, HoO in particular, in planetary bodies (e.g.,
McCubbin et al., 2012; Gross et al., 2013; Tartese et al., 2013; McCubbin
et al., 2015b; McCubbin et al., 2016).

We used the core composition of the FC-dominated zoning profile,
which has the lowest incompatible element concentrations (Table 2) and
may represent the earliest crystallized apatite, to estimate volatile
contents in parental melt and the mantle source. Due to the lack of
constraints on the immiscible mafic melt apatite has crystalized from,
we adopted the recommended approach from McCubbin et al. (2015a),
which also enables direct comparison with results presented previously
for Apollo samples. Using the exchange coefficient (Kq) values deter-
mined experimentally by McCubbin et al. (2015a), the F/Cl, Cl/H20 and
F/H0 ratios (on a weight basis) in melt are estimated to be 1.66 + 0.24,
0.025 £ 0.008 and 0.046 + 0.007, respectively. The bulk F content in
clast 1 is estimated to be 72 + 21 ppm, based on the mass fraction of
apatite (~0.4 %) and its average F content (~1.8 + 0.5 wt%); it can then
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be derived that Cl and H,O contents in the parental melt are ~ 43 + 14
and ~ 1576 + 518 ppm, respectively. The effect of exchange coefficients
on volatile estimation can be demonstrated by using the formula pro-
posed by Li and Costa (2020) (https://apthermo.wovodat.org/). The
results for estimated Cl contents in parental melt are generally higher,
67-83 ppm for 1050 °C-950 °C conditions and HO contents are esti-
mated to be between 0.1-0.2 wt%, which are in broad agreement with
results using exchange coefficients from McCubbin et al. (2015a).

The estimated F content in CE5 parental melt falls in the range
measured in olivine-hosted melt inclusions from Apollo mare basalts,
mostly between ~ 30 ppm and ~ 140 ppm (Hauri et al., 2011; Chen
etal., 2015; Ni et al., 2019), while higher values between 150-580 ppm
were reported for melt inclusions from lunar basalt 12040 (Ni et al.,
2019). The estimated CI content is much higher than that reported for
olivine-hosted melt inclusions from Apollo mare basalts, mostly ~ 1 to
11 ppm, with an approximate average value of ~ 4 ppm (Hauri et al.,
2011; Ni et al., 2019; Stephant et al., 2019). However, higher values
between ~ 3-78 ppm were measured in pyroxene-hosted melt inclusions
by Stephant et al. (2019); correction for post-entrapment crystallization
results in a range of ~ 1.3-38 ppm. Reported H>0 contents in olivine-
hosted melt inclusions vary in large ranges of 3-740 ppm (Hauri et al.,
2011; Saal et al., 2013; Chen et al., 2015; Wetzel et al., 2015; Singer
etal., 2017; Ni et al., 2019; Stephant et al., 2020), with higher values up
to 1410 ppm obtained in pyroclastic sample 74220 (Hauri et al., 2011).
The F/H,0 ratio estimated for the CE5 parental melt, 0.046 + 0.007, is
similar to the lower end of values for olivine-hosted melt inclusions from
74220 and low-Ti mare basalts. However, the F/Cl ratio of 1.66 & 0.24
is much lower than those measured in melt inclusions, e.g., the average
value is 15 + 2 for low-Ti basalts and 20 + 3 for high-Ti basalts
(McCubbin et al., 2023).

One of the basic assumptions of the McCubbin method is that volatile
ratios are the same between the parental melt and melt in equilibrium
with the chosen apatite composition. Due to apatite compositional
evolution during fractional crystallization, it is necessary to use the
composition of the earliest crystallized apatite for volatile estimation.
The core composition of the FC-dominated zoning profile is chosen
considering that it has the lowest nonvolatile incompatible elements and
one of the highest F contents (Table 2). Naturally this composition may
not represent the initial apatite saturation and the HoO content calcu-
lated from stoichiometry may be overestimated, both factors can lead to
an overestimation of Cl and HyO contents and an underestimation of F
content in melt. Note that the two data points with anomalously high F
contents of 2.93 wt% (No. 3) and 3.83 wt% (No. 8) are located close to
vapor voids and can be eliminated as early crystallized grains based on
their high incompatible element concentrations (Table S2).

Another important factor to consider is possible volatile fraction-
ation caused by fractional crystallization, degassing and melt immisci-
bility before apatite saturation. During fractional crystallization, the
fractionation between F, HoO and Cl is limited. For example, at 90 %
crystallization, the enrichment of F and HoO with a bulk partition co-
efficient of ~ 0.1 (Hauri et al., 2006; O’Leary et al., 2010; Beyer et al.,
2012; Rosenthal et al., 2015; Potts et al., 2021) is around 8 times; while
the enrichment factor of Cl with a bulk partition coefficient of ~ 0.001
(Potts et al., 2021) is around 10 times. The Cl content estimated in the
parental melt is of the same magnitude as the bulk CI content derived
from the average apatite composition and its mass fraction, 22 + 10
ppm; but the bulk H,0 content is much higher than that contained in
apatite (30 + 9 ppm), suggesting ~ 98 % degassing loss of H,O in the
sample. These values indicate differential degassing during the late-
stage evolution of lunar basalt and apatite crystallization. Any degass-
ing before apatite saturation will lead to underestimated volatile con-
tents in the parental melt, and in the case of differential degassing, lower
Cl/F and H,O/F ratios. Our limited data on volatile contents in immis-
cible melt inclusions cannot provide definitive evidence regarding vol-
atile fractionation during melt immiscibility. Considering the chemical
properties of halogens, that is, F forms species in aluminosilicate glasses
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with Al, Na and Si, while Cl associates with network-modifying cations
in melts (see the review by Aiuppa, 2009), we anticipate an increase of
Cl/F ratio in immiscible mafic melt and an increase of F/Cl ratio in
immiscible felsic melt. However, experimental data from McCubbin and
Ustunisik (2018) suggest indistinguishable fractionation between F and
Cl, and both F and Cl preferentially partition into the immiscible mafic
melt with partition coefficients between 0.4-0.5 when the immiscible
melt endmembers have a SiO5 content difference of 25-30 wt% (see
their Fig. 2). To settle this matter will require both analyses of immis-
cible melt inclusions with increased precision and further experimental
investigation of volatile partitioning between immiscible melts.

4.8. Implications for volatile estimations in the lunar mantle

The major element compositions of CE5 basalt have been explained
successfully by ~ 10 % partial melting of a hybrid mantle source
composed of 80 % olivine + orthopyroxene and 20 % clinopyroxene +
ilmenite, followed by 30-70 % fractional crystallization (Su et al.,
2022). By adopting such a model with a fractional crystallization per-
centage of ~ 50 % estimated for the bulk composition of clast 1, F, Cl
and H,O contents in the lunar mantle source are estimated to be in the
ranges of ~ 2.5-4.6, ~1.4-2.8 and ~ 53-105 ppm, respectively.

Another issue deserving consideration is the fractionation of volatiles
during low degree partial melting of the lunar mantle. In the case of 10
% partial melting, adopting a partition coefficient of 0.1 for F and H»0,
and 0.001 for CI (Potts et al., 2021), will lead to a relative enrichment of
Cl in the melt, that is, the F/Cl ratio in the melt will be about half that in
the mantle source. A correction for such a Cl enrichment results in lower
Cl estimates in the lunar mantle, ~0.7-1.4 ppm.

Unlike F, Cl and H30, the S budget in lunar basalt is dominated by
sulfide. Based on the fraction of sulfide, bulk S contents for the two clasts
are estimated to be ~ 760 ppm and ~ 1720 ppm, respectively (Wang
et al., 2023). Similar estimations have been made for the two CE5
basaltic clasts reported in Che et al. (2021), with values of ~ 1100 and
~ 1340 ppm, respectively. Measured S contents in melt inclusions in our
samples lend support to such a range of estimations. Sulfur contents
measured in melt inclusions from various Apollo lunar basalts mostly
fall in a similar range of ~ 440-1500 ppm, although the low values may
be affected by sulfide crystallization (Ni et al., 2019). According to the
bulk S content of ~ 760 ppm for clast 1 and the model proposed by Su
et al. (2022) with an estimated fractional crystallization percentage of
~ 50 %, the S content in the mantle source is estimated to be ~ 38 ppm.
The SCSS value for immiscible mafic melt, i.e., 2500 ppm, may provide
an upper limit for the S content in parental melt, which results in an
estimation of ~ 125 ppm in the mantle source. When experimentally
determined exchange coefficients involving S become available, S can
also be used in the place of F as a reference for the estimation of other
volatiles in melt.

The estimated HyO content in the CE5 basalt mantle source is much
higher than the previous estimate (1-5 ppm) based on melt inclusion
analyses (283 + 22 ppm H30 with a 8D value of —330 + 170 %) by Hu
etal. (2021). Liu et al. (2022) estimated a bulk S content of ~360 + 180
ppm for CE5 basalt, and ~600 + 300 ppm in the parental melt as 5>4S
values in sulfide suggest ~ 40 % loss of S. They estimated the S content
in the mantle source to be ~ 1-10 ppm. Both studies drew inferences on
volatile contents in the lunar mantle based on the model of Tian et al.
(2021), which proposed that 2-3 % partial melting of a mantle source
composed of 86 PCS+2% TIRL (PCS, percent crystallized solid; TIRL,
trapped instantaneous residual liquid), followed by 43-88 % fractional
crystallization of the primary magma, can explain the REE distribution
patterns in CES5 basalts. If we also adopt the petrogenetic model for CE5
basalt by Tian et al. (2021), the estimated volatile abundances in the
mantle source will be 5-10 times lower, more in alignment with afore-
mentioned two studies. Based on the average HoO content (1921 + 910
ppm by NanoSIMS) and mass fraction of apatite (~0.4 %), and ~ 98-99
% H20 degassing loss that is required to enhance 8D values in apatite
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from about — 330 %o to about + 600 %o, Hu et al. (2021) estimated the
H30 content in the CES5 parental magma to be 600 + 400 ppm, with the
higher end value similar to our estimate for the parental melt of clast 1.

Considering the drastically different estimates derived from the two
petrogenetic models for CE5 basalt, the estimates using the model of Su
et al. (2022), ~2.5-4.6 ppm for F, ~0.7-1.4 ppm for Cl, ~53-105 ppm
for HoO and ~ 38-125 ppm for S, may represent the upper end esti-
mations for volatile contents in the CE5 basalt mantle source, while the
5-10 times lower estimates based on the model of Tian et al. (2021) are
more in agreement with the degree of volatile depletion in the Moon
relative to the Earth (Ni et al., 2019; Zhang, 2020; McCubbin et al.,
2023). The set of higher values show similarites to that for depleted
Earth mantle, e.g., 16 + 3 ppm F, 1 + 0.5 ppm Cl, 142 + 85 ppm H50
and 146 + 35 ppm S proposed in Saal et al. (2002); 11.0 + 4.5 ppm F,
0.51 £+ 0.09 ppm Cl, 116 + 58 ppm H,0, and 119 + 30 ppm S estimated
by Salters and Stracke (2004). The set of higher values align with esti-
mations made for primitive lunar mantle based on F/Nd, Cl/K, HyO/Ce
and S/Dy ratios in olivine-hosted melt inclusions, e.g., ~5 ppm F, ~0.39
ppm Cl, ~84 ppm H;0 and ~52-120 ppm S by Ni et al. (2019). Similarly,
based on F/Nd, Cl/Ba, HyO/Ce and S/Dy ratios in olivine-hosted melt
inclusions from pyroclastic sample 74220 and high-Ti, low-Ti mare
basalts, McCubbin et al. (2023) estimated the primitive lunar mantle
contains 3.1-4.9 ppm F, 1.0-4.1 ppm Cl, 1.38-74 ppm H50 and 88-202
ppm S. Closer inspection reveals that the F/Cl ratio estimated for the CE5
basalt mantle source is lower in comparison to the ratios for depleted
Earth mantle and primitive lunar mantle by Ni et al. (2019), while the
H20 content estimated is at the higher end of the estimates from
McCubbin et al. (2023).

To sum up, the two most significant factors affecting the volatile
estimations in the CE5 basalt mantle source are apatite composition and
the petrogenetic model for CE5 basalt. To be certain whether the rela-
tively low F/Cl characteristics of apatite composition imply an enriched
CES5 basalt mantle source as suggested by the set of higher estimations,
requires better constraints on the petrogenetic model for CE5 basalt,
which is still under debate (Tian et al., 2021; Zong et al., 2022; Haupt
etal., 2023; Z. Wang et al., 2024; C. Wang et al., 2024). Lower degrees of
partial melting proposed in the model of Tian et al. (2021) result in a
higher degree of enrichment of Cl relative to F, which could be
responsible for the lower F/Cl ratios in the CE5 parental melt compared
to Apollo high-Ti and low-Ti basalts. These considerations also apply to
lunar meteorites with evolved bulk composition and apatite composi-
tions similar to what we report here for CE5 basalt.

5. Conclusions

Through a detailed petrogenetic study of apatite in CE5 basalt, we
are able to gain better understanding of the apatite compositional evo-
lution, and also draw inferences on the volatile budget in the parental
melt and the lunar mantle based on the earliest crystallized apatite
compositions. Being a late crystallizing mineral and displaying compo-
sitional variations due to the interplay of fractional crystallization and
degassing, it is not a simple task to relate the volatile compositions of
apatite to that in the parental melt. Understanding the petrogenesis of
CES5 basalt is further required to translate the volatile estimations for the
parental melt to volatile abundances in the mantle source. Although we
have not reached a finite conclusion regarding the volatile composition
of the CE5 basalt mantle source, what we have learned through such an
exercise contributes to the general understanding of lunar apatite
compositional variation, the late-stage evolution of lunar basalt and
volatile estimations for the lunar mantle. The main findings of this study
are summarized below.

1) Melt immiscibility enhanced the enrichment of incompatible ele-
ments in the immiscible mafic melt and promoted the saturation of
phosphates, hyalophane and Zr-bearing minerals.
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2) The evolution of lunar basalt may firstly reach apatite saturation,
then devolatilization and increase of P2Os activity may result in
merrillite saturation at a later stage.

The difference in zoning patterns, and general inter-grain variations
of shapes, sizes and incompatible element concentrations suggest
different generations of apatite crystallization.

4) Apatite compositions reported here show relatively low F and high Cl
characteristics (0.97-2.47 wt% F and 0.24-1.09 wt% Cl), which are
distinct from previously reported apatite compositions for Apollo
high-Ti and low-Ti basalts, but show similarities to the apatite
compositions from meteorites LAP 04841 and MIL 05035. Apatite Cl
and S contents show a positive correlation with S contents up to ~
3000 ppm, much higher than previous reports for Apollo samples (up
to ~ 600 ppm).

The immiscible mafic and felsic melts preserved in olivine and
ilmenite contain on average ~ 2500 and ~ 500 ppm S, respectively.
The late-stage felsic melts in the mesostasis contain low S contents <
100 ppm. All these values are shown to represent S content in melt at
sulfide saturation, i.e., SCSS.

The decreasing F and increasing Cl and S contents in the FC-
dominated zoning profile can be explained by employing the
model of Boyce et al. (2014). Degassing loss of HoO and high S
content in melt (likely at sulfide saturation) are required to explain
the high Cl and S contents observed in our sample.

Based on the core compositions of the FC-dominated zoning profile,
F, Cl and H,0 contents in the parental melt are estimated to be ~ 72
+ 21, ~43 + 14 and ~ 1576 + 518 ppm, respectively. Volatile es-
timates for the lunar mantle are similar to those for the depleted
Earth mantle and primitive lunar mantle or 5-10 times lower
depending on the petrogenetic model for CE5 basalt selected.
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