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ARTICLE INFO ABSTRACT

Associate editor: Bernard Charlier Assessing whether the lunar mantle retains sulfide, through episodes of magmatism, is important in tracking the
origin and evolution of sulfur and other volatile and chalcophile elements on the Moon. To determine sulfur
concentrations at sulfide saturation (SCSS) in the mantle conditions of young Chang’e-5 (CE-5) mare basalts, we
M°°_n conducted experiments with three possible CE-5 parental melt compositions and Fe + Ni-S sulfide at 1.0-3.0 GPa
]S“Ef:iemamle meltin and 1250-1550 °C. We doped excess Fe metal in a subset of experiments in order to generate sulfide of various
Sulfur solubility s metal/sulfur molar ratio (M/S; 1.0-2.1), and thus investigate the effect of sulfide composition on SCSS under
Chang’e-5 different oxygen fugacities (fOs). Our experimental results indicate that SCSS is sensitive to temperature,
pressure, silicate melt, sulfide compositions, and fO,. Using our new and literature data, we developed a new
thermodynamic SCSS model and utilized the model to calculate the SCSS for scenarios that the CE-5 parental
melt is in equilibrium with pure FeS, high Fe/S ratio sulfide, as well as high M/S Ni-bearing sulfide. All results
suggest predictive SCSS values are higher than the S concentration in CE-5 parental magma, indicating the CE-5
mantle residue was likely sulfide-absent, unless an extremely S-poor and Ni-rich, Fe-alloy was the chief S-bearing
accessory phase. We further reconstruct the S abundance in the CE-5 mantle source. Compared with the mantle of
Apollo mare basalts, the ~ 2 Gyrs lunar mantle has much lower S abundances, suggesting sulfur extraction by
mantle melting over the magmatic history of the Moon, or S distribution heterogeneity in the lunar interior.

Keywords:

1. Introduction

The volatile abundance in the lunar mantle informs the formation
and evolution of the Earth-Moon system. The early analyses of the
Apollo samples proposed a volatile depleted Moon (e.g., Ringwood and
Kesson, 1977; Taylor et al., 2006), consistent with the giant impact
theory for the formation of the Moon (e.g., Canup and Asphaug, 2001;
Hartmann and Davis, 1975). However, recent studies of lunar melt in-
clusions and volcanic glasses suggested that the lunar mantle may have
greater budget of highly volatile elements than previously thought, with
some budgets (e.g., water and sulfur) even overlapping with the Earth’s
upper mantle (Hauri et al., 2015; McDonough and Sun, 1995; Wang and
Becker, 2013), requiring volatiles to survive the giant impact or
replenishment by late veneers. Among all major volatile elements, sulfur
(S) is both volatile and chalcophile, which allows it to provide additional
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clues about the evolution of the lunar mantle (e.g., Day, 2018; Brenan
etal., 2019; Saal and Hauri, 2021). The lunar mantle is expected to store
S in the form of accessory sulfide (e.g., Ding et al., 2018; Dasgupta et al.,
2022). As a volatile, incompatible element, S is concentrated in the
silicate melt during mantle melting and related magmatic processes
(Callegaro et al., 2020; Johnson et al., 2024; Jugo et al., 2005; O’Neill
and Mavrogenes, 2002). At the onset of melting, the basaltic lunar melt
is expected to be sulfide saturated, with S content set by the sulfur
concentrations at sulfide saturation (SCSS; e.g., Haughton et al., 1974;
Steenstra et al., 2020b). However, depending on the lunar mantle S
content, the relevant SCSS, and the conditions of mantle melting, the
fate of the accessory sulfide phase may vary (e.g., Ding and Dasgupta,
2017; Dasgupta et al., 2022). Constraints on the SCSS of lunar-relevant
melt compositions and melting conditions can help determining the
lunar interior sulfur cycle. However, such constraints remain limited.
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Recently returned Chang’e-5 (CE-5) samples are unique for their
young age (~2.03 Ga; Li et al., 2021; Che et al., 2021), casting new light
on the late-stage evolution of volatiles in the lunar mantle. A previous
study showed that the mantle source of CE-5 basalts has much lower
water abundance (1-6 ppm) than the source of Apollo samples and lunar
meteorites, which may suggest the continued magmatic activities in the
mantle (Hu et al., 2021). Researchers reported the S abundances and
isotopic compositions of CE-5 mare basalt (Liu et al., 2022; Wang et al.,
2024b), suggesting the CE-5 mare basalt have experienced ~ 40 % of S
loss by equilibrium degassing, and the S concentrations before degassing
is ~ 600 £+ 300 ppm (Liu et al., 2022), much lower than the SCSS
determined by previous high-FeO* lunar mare basalt experiments (Ding
et al., 2018; Steenstra et al., 2018). However, Brenan et al. (2019)
suggested that under low oxygen fugacity (fO5) associated with the lunar
mantle [~one to two log units below iron-wiistite (IW) buffer; e.g.,
Wadhwa, 2008; Ji and Dygert, 2023; Zhang et al., 2024], the existence
of S-poor, Fe-rich sulfide may lead to much lower SCSS, as low as a few
hundred ppm for the parental melt of Apollo samples. Therefore, the
mantle residue of lunar mare volcanic suites could be saturated with
sulfide. Yet, the possibility that young CE-5 lunar basalts could be in
equilibrium with high metal-to-sulfur molar ratio (M/S) sulfides, has
never been systematically tested under the proposed conditions of
petrogenesis (e.g., Haupt et al., 2023; Su et al., 2022; Luo et al., 2023;
Wang et al., 2024a). One reason may be the lack of SCSS models that can
be applied to lunar-relevant sulfide systems at low fO,.

Previous studies developed the predictive SCSS models for terrestrial
melts (e.g., Blanchard et al., 2021; Fortin et al., 2015; Liu et al., 2021;
Smythe et al., 2017) and also for high-FeO* (FeO* denotes that all Fe is
reported as Fe?*0) lunar melt compositions (e.g., Ding et al., 2018;
Steenstra et al., 2018). However, most previous lunar and terrestrial
SCSS models did not consider the effect of fO5 and its role on the sulfide
composition. Therefore, the relation between fO,, sulfide composition,
and SCSS is still unconstrained. Although few studies conducted S sol-
ubility experiments at lunar-relevant fO,, they either do not report ac-
curate sulfide compositions (e.g., Mavrogenes and O’Neill, 1999;
Holzheid and Grove, 2002), or the analytical uncertainties of SCSS are
significant (e.g., Holzheid and Lodders, 2001). Brenan et al. (2019)
conducted a series of experiments with Fe capsule to generate the sulfide
with M/S as high as ~ 6.0. They applied a two component (Fe-FeS)
asymmetric mixing model (Thompson Jr, 1967) to calculate the activity
of FeS in sulfide, and the model from Ding et al. (2018) to calculate the
SCSS. However, there is a gap in fO, and M/S ratio between the ex-
periments in Brenan et al. (2019) that generated high M/S ratio sulfides
(logfO5 < IW-0.8; M/S > 3.5) and previous studies focused on lunar and
terrestrial environment (logfO, > IW; M/S ~ 1). In addition, the model
is difficult to apply to all the lunar sulfides because some are reported to
contain Ni at weight-percent levels (e.g., Papike et al., 2011). The mass
balance calculation further suggested the lunar sulfide may hold up to ~
12 wt% of Ni, which can reduce SCSS by 5 — 20 % (Brenan et al., 2019).
Moreover, neglecting the role of Cu-rich sulfides may limit their appli-
cation under terrestrial conditions (Smythe et al., 2017). Considering
the limited number of experiments reported by Brenan et al. (2019),
which may not be representative of all lunar sulfide and all petrogenetic
conditions, we did a series of sulfide saturation experiments in this
study. We simulated parental melt of young CE-5 basalt, coexisting with
pure FeS or high M/S sulfides, to expand the experimental database
under low fO3s and develop an SCSS model for equilibrium sulfide with
variable M/S ratios. We applied our model to possible CE-5 parental
melts, which indicated the mantle residue was likely sulfide-absent,
unless the chief S-bearing phase was extremely Ni-enriched with a
high M/S ratio (e.g., M/S = 6 with ~ 20 wt% Ni). Our calculations
suggest that the S content of the CE-5 mantle source may be as much as
an order of magnitude depleted compared to the mantle source of Apollo
low-Ti and high-Ti mare basalts, reflecting continuous or intermittent
depletion of mantle S via melt extraction if the lunar mantle is homo-
geneous in sulfur budget.
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2. Methods
2.1. Experimental starting materials

Three different starting materials, based on the recent estimates of
CE-5 parental melt compositions, were used in this study (Haupt et al.,
2023; Luo et al., 2023; Su et al., 2022) (Table 1), for the purpose of
testing how the SCSS may vary with different proposed petrogenesis.
The parental melts in Haupt et al. (2023) and Luo et al. (2023) are whole
rock compositions from Che et al. (2021) and Tian et al. (2021)
respectively, assuming the most primitive CE-5 basalts are generated by
mantle melting directly, while the parental melt in Su et al. (2022) is
modeled using PETROLOG program (Danyushevsky and Plechov, 2011)
with the hypothesis that the CE-5 basalts are products of extensive
fractional crystallization after prior mantle melting.

All starting materials were prepared by grinding reagent-grade oxide
and carbonate powders into homogeneous mixtures under ethanol for at
least two hours, and then drying overnight at room temperature. To
minimize absorbed water, prior to mixing, the reagent grade SiO,, TiOo,
Al,03, and MgO were fired overnight at 1000 °C, Fe,O3 at 800 °C, MnO
at 400 °C, CaCOs3 at 250 °C, and K,CO3 and NayCO3 at 110 °C. We
preconditioned each mixture in a 1000 °C CO-CO- gas mixing furnace to
decarbonate the powder and reduce the mixture to an fO5 approaching
2-log unit below the fayalite-magnetite-quartz buffer (~FMQ-2). Three
experiments were performed at 1.5 GPa, 1600 °C for 2 h for obtaining
glasses and for determining the actual compositions of synthetic starting
mixes before doping sulfides and metals. The experimental products
contained only quenched glass, and the results of analysis are reported in
Table 1. Synthetic sulfides and metals were then added to the mixture
(Table 2), ground thoroughly again, and stored in a desiccator.

2.2. Experimental procedure and conditions

Twenty-one experiments were conducted at the Experimental
Petrology Laboratory of Rice University using an end-loaded piston-
cylinder apparatus at 1.0-3.0 GPa and 1200-1550 °C (Table 2). All ex-
periments employed graphite capsules with ~ 4.5 mm height and ~ 1
mm wall thickness with ~ 1.5 mm thickness of graphite cap. The
experimental assemblies comprised cylindrical sleeves of BaCOg3 pres-
sure media of 12.7 mm outer diameter, crushable internal MgO spacers,
straight-walled graphite furnaces, and graphite capsules containing the
starting mixes. The friable assemblies were contained in Pb foils, which
also served as lubricant during high P-T experiments. The P-T calibration
of this assembly was provided in Tsuno and Dasgupta (2011), with un-
certainties of + 0.1 GPa and ~+ 12 °C.

All experiments were pressurized cold to target pressures and then
heated to 700-800 °C, where the experiments were sintered for 2-22 h
to minimize the porosity in the capsules and diminish the leakage of
sulfides during the experiments. The temperature was then raised to the
target temperature. The ramp rate was 100 °C/min. The durations of
experiments were varied from 5 to 72h (Table 2). The experimental
temperatures were controlled and monitored using calibrated Type-C
thermocouples, and terminated by cutting power to the heater and
slowly decompressed. The recovered capsules were mounted in Petro-
poxy and polished down to 0.1 pym using alumina slurry on a velvet
cloth.

2.3. Analytical techniques

Major element concentrations of the experimental phases were
analyzed using a JEOL JXA-8530F Hyperprobe at Rice University. We
employed a 30 pm spot size with a 50nA beam current to analyze
quenched silicate melt, a 20 pm spot size with a 20nA current to analyze
sulfide-rich and metallic melt and a focused spot size with a 20nA cur-
rent to analyze minerals. Analyses are conducted at an accelerating
voltage of 15 keV. All phases use chromite as the standard for Cr
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Table 1
The parental magma compositions of CE-5 mare basalt from literature and corresponding starting compositions used in this study.
Target Synthetic Target Synthetic Target Synthetic
Su et al. (2022) SS0-2 Haupt et al. (2023) HSO0-1 Luo et al. (2023) LS0-1
n’ 20 16" 20 16" 26 16"
SiOy 43.68 43.27 0.58 40.6 40.34 0.27 42.43 41.81 0.27
TiO, 3.08 2.92 0.08 5.7 5.50 0.11 3.13 3.04 0.12
Al,03 6.86 6.89 0.08 11 11.65 0.08 11.98 12.00 0.08
Cry03 0.64 0.59 0.04 0.37 0.32 0.01 0.3 0.26 0.02
FeO*¢ 19.38 19.10 0.83 24.5 23.62 0.24 19.76 19.66 0.20
MnO 0.23 0.20 0.01 0.29 0.27 0.02 0.25 0.26 0.02
MgO 14 14.23 0.43 4.51 4.73 0.09 9.71 10.05 0.10
CaO 11.2 11.63 0.13 11.7 12.07 0.08 10.7 11.36 0.09
NaO 0.2 0.21 0.04 0.38 0.31 0.02 0.53 0.45 0.02
K20 0.74 0.70 0.21 0.11 0.08 0.01 0.04 0.04 0.01
P05 - 0.00 0.00 0.19 0.17 0.00 0.2 0.17 0.01
Total 99.73 99.04 99.10
2 Number of EPMA spot analyses averaged.
b The 1 sigma uncertainty of analyses.
¢ FeO* denotes that all Fe is reported as Fe?*O.
Table 2
Experimental conditions and products.
Experiment# P T Duration at target Sinter T Sinter Starting material Run Product” fOq SCSS
(GPa) Q) condition (h) Q) duration (h) (AIW)? (ppm)*
B671 1.5 1500 15 800 8 80 wt% SS0-2 + 20 wt% FeS Sulfide + Melt - 5274
B629 2 1500 8 800 16 80 wt% SS0-2 + 20 wt% FeS Cpx + Sulfide + Melt = 4727
B670 2 1550 800 2 80 wt% SS0-2 + 20 wt% FeS Sulfide + Melt - 5016
B626 2.5 1450 18 800 6 80 wt% SS0-2 + 20 wt% FeS Cpx + Grt + Sulfide + - 4683
Melt
B619 2.5 1500 6 700 20 80 wt% SS0-2 + 20 wt% FeS Cpx + Sulfide + Melt - 4335
G807 2.5 1550 5 800 5 80 wt% SS0-2 + 20 wt% FeS Cpx + Sulfide + Melt - 4588
B628 3 1500 18 800 5 80 wt% SS0-2 + 20 wt% FeS Cpx + Grt + Sulfide + - 4911
Melt
B634 2.5 1500 17 800 6 66.7 wt% SS0-2 + 13.3 wt% FeS Ol + Cpx + Sulfide + —0.41 3640
+ 20 wt% Fe Metal + Melt
B633 2 1500 15 800 7 55.6 wt% SS0-2 + 11.1 wt% FeS Ol + Sulfide + Metal + —0.44 3300
+ 33.3 wt% Fe Melt
B632 2.5 1450 16 800 6 55.6 wt% SS0-2 + 11.1 wt% FeS Ol + Cpx + Sulfide + —0.32 4156
+ 33.3 wt% Fe Metal + Melt
B630 2.5 1500 16 800 5 55.6 wt% SS0-2 + 11.1 wt% FeS Ol + Cpx + Sulfide + —0.24 3382
+ 33.3 wt% Fe Metal + Melt
B653 2 1500 23 800 3 85.5 wt% SSO-2 + 8.5 wt% FeS + Ol + Cpx + Sulfide + - 2381
6 Wt% NizS, Melt
B654 2 1500 25 800 17 71.4 wt% SS0-2 + 14.3 wt% FeS Ol + Sulfide + Melt - 1260
+ 14.3 wt% Ni
B663 2 1500 16 800 4 74.6 wt% SS0-2 + 8.5 wt% FeS + Sulfide + Metal + Melt —-0.45 2674
10.9 wt% Fe + 6 wt% NisSy
T312¢ 1 1250 48 750 18 98 wt% HSO0-1 + 2 wt% FeS Sulfide + Melt + Fe-Ti - 4766
oxide®
B667 1.5 1200 72 800 2.5 88 wt% HSO0-1 + 12 wt% FeS Cpx + Grt + Sulfide + - 5187
Melt
B639¢ 1.5 1250 63 800 8.5 98 wt% HSO0-1 + 2 wt% FeS Cpx + Grt + Sulfide + - 5535
Melt
T313 1 1250 47 750 22 66.7 wt% HSO0-1 + 13.3 wt% FeS Cpx + Fe-Ti oxide + —0.26 4663
+ 20 wt% Fe Sulfide + Metal + Melt
B649 1350 23 800 5 80 wt% LSO0-1 + 20 wt% FeS Sulfide + Melt - 3471
B665 1.5 1350 20 800 2 80 wt% LSO0-1 + 20 wt% FeS Cpx + Sulfide + Melt - 3698
B650 1350 24 800 14 66.7 wt% LSO-1 + 13.3 wt% FeS Sulfide + Metal + Melt —0.56 2624

+ 20 wt% Fe

The table was organized by starting mixes of the runs, and then for a given starting composition, we arranged the order by increasing P and then increasing T.
2 0l = olivine, Cpx = clinopyroxene, Grt = garnet, Metal = metallic melt, Sulfide = sulfide-rich melt, Melt = quenched silicate melt.
Y The fO, relative to IW buffer was calculated using non-ideal solution model. The details are presented in Supplementary Materials.
¢ SCSS = Average sulfur concentrations at sulfide saturation based on replicate electron microprobe analyses. The data are also listed in Table S1 with analytical

uncertainties.

4 We accidentally added only ~ 2 wt% of sulfide in the starting compositions of these two experiments (Fig. S1A), yet sulfide phase was still present, indicating the

systems were sulfide saturated.

¢ In this experiment, the Fe-Ti oxide is only located at the bottom of the capsule and in negligible quantity (less than 1 vol%; Fig. S1A). Therefore, condition of this
experiment approaches the liquidus.
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analysis, rhodonite for Mn, plagioclase for Na, and rutile for Ti.
Analytical standards used for minerals are diopside (Mg and Ca), olivine
(Si, Fe, and Ni), almandine (Al), and biotite (K). The analysis of glasses
employed Smithsonian standard NMNH-113716-1 for Mg, Ca, Al, and S,
Smithsonian standard NMNH-117218-3 for K and P, and olivine for Si
and Fe. For metals and sulfides, Fe metal was used for Fe, troilite for S,
magnetite for O, Si metal for Si, and Ni metal for Ni. Peak and back-
ground counting times for the major elements were typically 10 s and 5
s, respectively. The exceptions are P, S, and Ni in glass with peak counts
of 30 s and background counts of 15 s, and O and S in sulfide-rich and
metallic melts with peak counts of 20 s and background counts of 10 s.
Quenched silicate melts and minerals were applied PRZ (JEOL) matrix
correction, and sulfides and metals were quantified using the ZAF matrix
correction.

3. Results
3.1. Experimental phase assemblage and texture

The experimental assemblages against the conditions are listed in
Table 2, and the typical experimental textures are displayed in Fig. 1. In
all experiments, the sulfide blobs coexist with quenched silicate melt.
The experiments with initial compositions SS0-2 are conducted at higher
pressures and temperatures of 1.5-3.0 GPa and 1450-1550 °C, and the
quenched silicate melts from these experiments show dendritic textures
(Fig. 1C), while silicate melts in the rest of the experiments with lower
pressures (1.0-1.5 GPa) and temperatures (1200 to 1350 °C) generally

(A) B649: 1350°C, 1 GPa

Silicate melt
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produce homogeneous glasses (Fig. 1A). Sulfides existed in the inter-
stitial spaces of dendritic silicate phases in the melt pool (Fig. 1D).
Likewise, some exsolved submicron sulfides were observed in the
quenched glass (Fig. 1A). We considered them as the products of
quenching (Boujibar et al., 2014; Ding et al., 2014). For experiments
with an additional Fe metal component, immiscible metal blobs coex-
isted with sulfide melts (Fig. 1B).

Three experiments with added Ni show skeletal textures in sulfides
(Fig. S1). Two experiments doped with additional Ni metal (B654) and
NiyS3 + Fe metal (B663), exhibited immiscible metallic melts associated
with the sulfide-rich melt blob (Figs. S1C and S1D). We treated skeletal
Ni-enriched metals in B654 as part of sulfide because their irregular
shape suggests that they were formed during quenching. Therefore, we
applied a defocused beam to analyze the average sulfide composition
(Fig. S1C). As for B663, however, we observed immiscible Fe-enriched
metallic melt blobs with circular boundaries included in the sulfide-
rich melt (Fig. S1D). Therefore, we consider components other than
Fe-rich metal blobs as sulfide phase and analyze them with a 20 pm
beam.

In addition to the immiscible sulfide-rich and metallic melt, various
silicate minerals and oxides also were present in the experiments. For
experiments with initial composition SS0-2, except three super-liquidus
experiments (B663, B670, and B671), all FeS-added experiments pro-
duced clinopyroxene, while two experiments at higher pressures (B626
and B628) generated garnet. For experiments with additional metals
and/or NiySs, olivine appeared in the phase assemblages (e.g., Fig. 1B;
Table 2). Experiments with the composition HSO-1 produced Fe-Ti oxide

(B) B630: 1500°C,.2.5 GPa

Fig. 1. Representative backscattered electron (BSE) images of the experimental products. (A) An overview of experiment B649 showing quenched silicate glass
coexisting with pure FeS. (B) An overview of experiment B630 exhibiting the quenched silicate melt, S-poor sulfide and immiscible Fe-rich metal. Crystallized
minerals are clinopyroxene and olivine. (C) The sulfide bleb, and (D) the boundary of quenched silicate melt and clinopyroxene in B619. The dendritic texture of

quenched silicate melt can be observed clearly.
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and clinopyroxene at 1 GPa and clinopyroxene and garnet at 1.5 GPa
and 1200-1250 °C. Only one sub-liquidus experiment with the starting
composition LSO-1 produced clinopyroxene at 1.5 GPa and 1350 °C
(Table 2).

3.2. Sulfide-rich melt and silicate melt compositions

The compositions of silicate melts, sulfide melts, and metallic melts
are listed in Table S1. Six out of our 21 experiments are near- (T312) or
super-liquidus (B663, B670, B671, B649, and B650; Table 2), and the
compositions of silicate melt in only FeS-added experiments are
consistent with the initial compositions with deviations of less than 2 wt
% for all analyzed oxides (Table S1).

The SCSS of our experiments varies from 1260 to 5535 ppm
(Table 2), and shows a negative relationship with the M/S ratio of the
sulfide (Fig. 2A). Twelve experiments that only contained FeS in the
initial compositions, exhibit M/S ratios from 0.97 to 1.19, and the ex-
periments with additional Fe metal show higher M/S ratio (1.40 to 1.58;
Fig. 2A). The experiments containing both Ni and Fe components in
sulfide exhibit even higher M/S (1.34-2.09) and lower measured SCSS
(1260-2674 ppm).

4. Discussion
4.1. Approach to equilibrium

We found no compositional variation in quenched silicate melts
between different parts of the capsule, as evidenced by the relatively low
statistical variations among our EPMA spot analyses (e.g., for S abun-
dance in quenched silicate melts, the 1 sigma uncertainties vary from
1.66 % to 23.14 %, with an average of 6.53 %; Table S1). In addition, the
compositions of different sulfide blobs in each experiment were also
similar. We further calculated the diffusion coefficients, as well as the
diffusion length scale of S, in each experiment, and then compared the
diffusion distance to the farthest distances from sulfide melt to the
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silicate melt pool (Fig. S2; calculation details are described in Supple-
mentary Materials). Specifically, the distance we measured is the length
between the edge of the sulfide blob from which we are primarily
obtaining elemental concentrations of the sulfide, typically the largest
blob in each experiment, and the boundary of the silicate melt pool that
is farthest away from the sulfide. However, there are often multiple
sulfide blobs in an experiment (e.g., Fig. 1), and some blobs might be
much closer to the boundary of the silicate melt pool. Given that no
obvious compositional differences were found among the sulfides in the
experiment, the measured distances we plotted in Fig. S2 are the upper
limit of diffusion length to reach equilibrium. Nevertheless, the calcu-
lated S diffusion length scales for all experiments are distinctly larger
than our measured distances, suggesting that the experiments reached
equilibrium between the silicate melt and the sulfide melt with respect
to S exchange (Fig. S2).

4.2. The oxygen fugacity versus sulfide composition

Brenan et al. (2019) suggested the low fOy of the system should
enrich the Fe species in the sulfides, decrease the activity of FeS in the
sulfides, and, therefore, lower the SCSS. The estimated experimental
fOogs are ~ IW-0.6 to ~ IW-0.2 for experiments coexisting with metallic
melts (Method in Supplementary Materials), approaching the fO5 of the
lunar mantle. The experimental fOzs show a negative correlation with
M/S ratios of sulfide (Fig. 2B; Table S1). We further plotted the S solu-
bility experiments with Fe capsule from Brenan et al. (2019) in Fig. 2B,
as these experiments were conducted under more reduced conditions
(~IW-0.8 to IW-1.5) and also produced sulfides with higher M/S ratio
(1.2-6.0). The strong correlation between fO5 and sulfide M/S suggests
the importance of fO, controlling the SCSS of silicate melt by changing
the FeS activity of the equilibrium sulfide.

We note that the fO3 is not the only factor controlling the sulfide M/S
ratio. With the same initial silicate composition and similar fO, condi-
tions, the experiment with the addition of NigS; (M/S = 2.0; B663)
shows significantly higher M/S ratios than the experiment without
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Fig. 2. (A) Metal/silicate (M/S) molar ratio of sulfides versus measured SCSS in this study. The dashed lines indicate the predicted SCSS calculated from the
experimental average melt compositions of different CE-5 parental melts and the pressures and temperatures that cover the experimental conditions for each parental
melt composition in this study. We varied the M/S ratios of the equilibrium sulfides in our calculations and assumed the sulfides contained only Fe and S to simulate
the effect of sulfide compositional variations on SCSS due to changes in fO,. The results suggest a negative correlation between M/S ratios of sulfides and SCSS in
silicate melt. (B) Experimental oxygen fugacity (fO») plotted against the M/S ratio of sulfides. The black asterisks represent the S solubility experiments conducted in
Fe capsule from Brenan et al. (2019). Two panels suggest good correlations of M/S with fO, and SCSS, implying that fO, is an important parameter affecting SCSS.
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nickel sulfide (M/S = 1.5; B633), emphasizing the role of other metal
species in the sulfides, in addition to fO5, on the M/S ratio. This can be
further verified by Ni-bearing experiment B654, which shows the
highest M/S ratio (~2.1) and lowest SCSS among our experiments
(1260 ppm; Fig. 2A). We were unable to calculate fO5 for this experi-
ment due to the absence of an immiscible S-poor metal phase. However,
the fO, of the initial silicate composition of B654 is ~ FMQ-2 and we did
not add any Fe metal after precondition. Therefore, the high Ni content
in sulfide (50.58 wt%; Table S1), instead of the fO,, should be respon-
sible for the high M/S ratio, suggesting both lower fO, and the
involvement of other metal species, such as Ni, in sulfide can increase
the M/S of the sulfide, and accordingly significantly lower the SCSS.

4.3. Comparison to previous CE-5 basalt crystallization modeling and
experiments

We compared our experimental products that are in equilibrium with
pure FeS with equilibrium crystallization modeling and experiments
reported by Luo et al. (2023), Haupt et al. (2023), and Su et al. (2022)
based on the same compositions of the CE-5 parental melts (Fig. 3). Our
experiments are consistent with the pMELTS modeling results in Luo
et al. (2023) (yellow dashed lines; Fig. 3), that no mineral crystallized at
1 GPa and 1350 °C, while clinopyroxene is the only mineral phase at 1.5
GPa and 1350 °C. Compared to Haupt et al. (2023), our experiment at 1
GPa and 1250 °C contains a negligible amount of Fe-Ti oxide (Fig. S1A),
suggesting that the experiments are close to the liquidus. However, at
1.5 GPa, garnet joined clinopyroxene as a stable phase. The other
crystallized phases are in agreement with those in Haupt et al. (2023),
but our results imply that the liquidus temperature may be slightly
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higher than suggested by Haupt et al. (blue dashed lines; Fig. 3). For
experiments with SS0-2, however, our results indicated a multiple
saturation point that is ~ 0.5 GPa lower in pressure and ~ 50 °C higher
in temperature than those predicted by THERMOCALC modeling of Su
et al. (2022) (2.24 GPa and 1472 °C; red dashed lines in Fig. 3), as only
the 1.5 GPa/ 1500 °C and 2 GPa/ 1550 °C experiments are super-
liquidus. In addition, no experiments yielded orthopyroxene as the lig-
uidus phase, and garnet was observed in two experiments at higher
pressures. Here, we did not compare the experiments coexisting with
high M/S sulfides with previous studies, since in most of these experi-
ments we doped additional Fe metal (Table 1), which would alter the
experimental fO, and the initial compositions, consequently tending to
stabilize mineral phases such as olivine (compare Fig. 1B to 1C; Table 2).

4.4. Previous SCSS models

Previous studies developed terrestrial and lunar-related SCSS models
using experimental data as a reliable method to constrain the fate of S
during magmatic processes (Blanchard et al., 2021; Ding et al., 2018;
Fortin et al., 2015; Liu et al., 2021; O’Neill, 2021; Smythe et al., 2017;
Steenstra et al., 2020b). However, most models only considered the ef-
fect of Cu and Ni of sulfide on SCSS in addition to pressure, temperature,
and silicate melt compositions, ignoring the effect of Fe species in sulfide
under low fO5. The calibration dataset of all these models contains no or
very limited experiments under fO, below the IW buffer. Therefore,
while calculating the activity of FeS in sulfide, these studies only needed
to process a FeS-NiS-CuyS solution without the need to consider metallic
Fe species in sulfide liquid. In order to test the fitness of previously
developed models to experiments that are in equilibrium with high M/S
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Fig. 3. Pressure-temperature diagram showing experimental phase assemblages in equilibrium with pure FeS liquid. Symbols in different colors represent exper-
imental results in this study using different starting mix compositions, constructed based on the parental magma compositions from Luo et al. (2023), Haupt et al.
(2023), and Su et al. (2022). Dashed lines are phase relations reported by those studies, plotted for comparison.
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ratio sulfides under low experimental fO,, we applied seven models to
the experiments reported by Brenan et al. (2019) and this study. The
results show that previous models generally have good fitness to ex-
periments with sulfide M/S ratios close to 1. However, obvious over-
estimations are observed in all models when predicting experiments
with higher M/S ratio sulfides (Fig. 4). Brenan et al. (2019) applied an
asymmetric solution model and calculated the activities of Fe and FeS in
sulfides by parameters from Buono and Walker (2011) for lunar envi-
ronment. However, the sulfides in the lunar returned samples indeed
contain a certain amount of other metal elements [e.g., chalcopyrite
(CuFeS,), cubanite (CuFesS3), and pentlandite ((Fe,Ni)gSg); Liu et al.,
2022; Taylor and Williams, 1973], which makes the model applied in
Brenan et al. (2019) not optimally suitable for complex composition of
lunar sulfides. Please note that experiments conducted under fOs much
lower than the lunar environment (e.g., Mercury conditions) and related
SCSS models were not considered here (e.g., Chabot et al., 2014; Namur
et al., 2016b; Vander Kaaden and McCubbin, 2016), as these models will
greatly underestimate our experiments and those in Brenan et al. (2019)
(e.g., Fig. S3). The reason is these models were calibrated under very
reducing conditions (~IW-5) that the presence of (Mg,Ca,Fe)S in both
sulfide and silicate melt is expected (Malavergne et al., 2014; Namur
et al., 2016a), but there is no evidence of this in the lunar mantle.

4.5. Thermodynamic background on SCSS

Motivated by the above, here we developed a new thermodynamic
SCSS model that is applicable to lunar-relevant sulfide compositions and
fOos. The equilibrium relationship between S in the silicate melt and
immiscible sulfide can be described as:

1 1
FeOyiicate meir + §S2 =F equlﬁde + 502 (€9)
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while at the equilibrium, the SCSS can be expressed as the equation (e.g.,
Smythe et al., 2017; Ding et al., 2018):

AG° "
In[S]scss = ' T InC, — Ingglice 1 Inajdiee @

where [S],., is sulfur concentration in the silicate melt at sulfide satu-
ration, AG° is the Gibbs free energy of Eq. (1), R is the gas constant, T is
the temperature, and C; is the sulfur capacity, which is defined as (e.g.,
Smythe et al., 2017):

- 10,
InC; = In[S] +0.5In (E) 3)

where fO, and fS; are fugacities of O, and Sy. The C; can be expressed
with the form (O’Neill and Mavrogenes, 2002):

InC; = A, + Y, XuAu / T @

where A, is a constant, while X,; and Ay are mole fraction of cation M in
the silicate melt and corresponding coefficient. For AG?, it should be a
function of equilibrium temperature (T) and pressure (P):

AG® AH° AS°
RT  RT R

PAV®
RT

(5)

where AH?, AS°, and AV? are enthalpy, entropy and molar volume terms
of Eq. (1). In Eq. (2), the remaining terms that need to be constrained are

silicate sulfide
o and ap,g

ay; . The gjlicae can be described as a function of mole
fractions of Fe and Ti in the silicate melt (O’Neill and Mavrogenes,

2002):

ilicate
o™ ~ XpeXri (6)

while by assuming a four-component (Fe-FeS-CuS-NiS) symmetric
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Fig. 4. The comparison between SCSS predicted by previously developed models and the measured SCSS in the lunar-relevant experiments from Brenan et al. (2019)
and this study. Previously developed models typically show good agreement with experimentally-determined SCSS where the sulfides’ M/S ratio are close to unity
(violet symbols), but exhibit overall overestimations of SCSS for equilibrium with sulfides with M/S > 1 (red to yellow symbols).
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solution, the a;l;gide can be expressed as (Wood and Fraser, 1977):
Inalide — ppxsiide | WF;SI:M'S ( ﬁlgdﬂ) n WFes;;i metal X;Lél]'i"deetalz
L
n (Wres_nis + WFeS—g;etal — Whis_re metal) (xsulde gsuide
n (Wres—nis + W1~'es;{c7u:90,5 — Whis—cusos ) (e Xscuifsi:z )
n (WFe—Fe metal + WFeS;QO;M — Wk meml—CuSgs) (XsF.;yrinﬁang‘E:z)

()

where W;_; is the interchange energy for i-j exchanges. Because the
number of experiments containing excess Ni in sulfide in previous
studies is very limited, we did not separate Ni as a species other than NiS
in our model. Combing Egs. (4)—(7) into (2), we can predict SCSS as:

B P Finie?
In[S]scs(ppm) = A+ o+ > CiXi + DXpeXri + Ex+ Inx;ide 4 T (xulfide”

G H i 1
+_(Xsulﬁde 2)+?(}(sulﬁdez)+?(xls\l;il£dexsulﬁde )

T Fe metal CuSo s Fe metal

J K
+ T ( Xj\l;igide Xsulﬁde ) 4= ( Xsulﬁde Xsulﬁde )

CuSo.5 T \“Fe metal“*CuSo 5

(€))

where A - K are coefficients.

In Eq. (8), we need to calculate the mole fractions of four components
(Fe, FeS, CupS, and NiS) in the sulfides. The preference of different
polyvalent cations to bond with S in the sulfides under different fO, is
unknown. Therefore, as the first order constraint, here we assume that
all cations (e.g., Fe, Cu, Ni) tend to bond with anions (e.g., S and O) in
proportion to their analyzed molar amounts:
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Ifid
Xsulﬁde o nsulﬁde n}s\llliﬁ ¢ (11)
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where nspfﬁde, n%lﬁde, nsC”ulﬁde, nZ”lﬁde represent the mole numbers of Fe, Ni,
Cu, and S in the sulfide. Thereby, the mole fraction of Fe metal in sulfide
x{fde  can be calculated by:

nsulﬁde (nsulﬁde + nsulﬁde) n;':’ﬂde
Fe - S 0 sulfide | sulfide | sulfide
Mty HMey

sulfide (12)
Femetal — sulfide sulfide sulfide
T, + Ty + Mgy
where ni)"lﬁde represents the mole fraction of O element in the sulfide.

4.6. Calibrating dataset for predictive SCSS model

In order to develop the predictive SCSS model, we compiled data
from 361 experiments as the calibration dataset (Brenan, 2008; Brenan
et al., 2019; Ding et al., 2014; Ding et al., 2018; Gaetani and Grove,
1997; Grewal et al.,, 2019; Holzheid and Grove, 2002; Kiseeva and
Wood, 2013; Kiseeva and Wood, 2015; Li and Agee, 1996; Li and
Audétat, 2012; Liu et al., 2007; Peach and Mathez, 1993; Ripley et al.,
2002; Smythe et al., 2017; Steenstra et al., 2018; Steenstra et al., 2020a;
Steenstra et al., 2020b; Tsuno et al., 2018; Wohlers and Wood, 2015; this
study). The calibration dataset is listed in Table S2 and the P-T-fO,-
composition ranges of these data are described in Fig. 5.

Seven studies had experiments that did not report sulfide composi-
tions and therefore these experiments were not included in our model
calibration dataset (Fortin et al., 2015; Mavrogenes and O’Neill, 1999;
O’Neill and Mavrogenes, 2002; Jugo et al., 2005; Liu et al., 2007;
Righter et al., 2009; Wykes et al., 2015). However, we treat them as an
extrapolation dataset to test the fitness of our model (Table S3). These
experiments only added pure FeS in the starting materials, hence the

Ifid X L . .
ylfde _ o sulfde nSF'jﬁ ¢ ©) sulfide composition can be estimated following the method adopted by
Fes s n;'fﬁde + n;;‘ilﬁde + nz“luﬁde Steenstra et al. (2018), that the abundance of Fe in sulfide is assumed to
be 63.5 wt%, the O in sulfide is calculated by the empirical equation
[ —— nﬁﬁﬁde 10 Osutfice(Wt.%) = 0.24 x FeOyjjicare(Wt.%) (Kiseeva and Wood, 2015), and
CuSos — 'S nsulﬁde + nxulﬁde + nsulﬁde the S in sulfide is Smlﬁde(wt.%) =1 7Osulﬁde (Wt.%) 7Fes,,1ﬁde (Wt.%). We
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Fig. 5. Comparison between measured and predicted SCSS of 361 experiments from this study and previous studies. The predictions are calculated by (A) Eq. (13),
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taking the square root of the result. All data are given in Table S2.



D. Ji and R. Dasgupta

2350 °C) are designed for the scenario such as the deep magma ocean of
proto-Earth instead of mantle melting conditions of terrestrial bodies,
and therefore conducted at much higher pressures and temperatures
than those of our calibrated dataset (0.0001 — 7 GPa; 1200 — 1800 °C).
Wendlandt (1982) did not report the silicate melt and sulfide composi-
tion of their experimental products. For some unknown reason, experi-
ments in Wood and Kiseeva (2015) show anomalously high S
concentrations in their experiments, even for experiments without Fe-Si
alloy (e.g., Experiment 1325 with S of 18700 ppm), which is abnormal
compared to the experiments with similar P-T-composition conditions
[e.g., Experiment DO063 from Wykes et al. (2015) with S of 5663 ppm].
Therefore, we did not include their data.

4.7. A new SCSS model

By applying the above thermodynamic framework (Eq. (8)) to our
calibration dataset (Table S2), we obtain the following model with the
best fitting quality:

5311( + 307)
T

1n[S]scs(ppm) = 13.81( £ 0.58) — +0.17( £ 1.29)Xy;
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where T is in Kelvin, and P is in GPa. Values in parentheses are 16 un-
certainties in the model coefficients. By applying the model, the pre-
dicted SCSS can fit the measured values well (R? = 0.91 ; 0sgg = 638),
and almost all experiments can be reproduced within 50 % uncertainties
(Fig. 5A). As we discussed above, the high M/S ratio of sulfide is not
necessarily a signature of low fOs, as the existence of other metal cations
in sulfides (e.g., Ni, Cu) can also increase the M/S ratios (e.g., Ripley
etal., 2002; Steenstra et al., 2020b). Therefore, we separately marked all
experiments that coexisted with Fe metal (Brenan et al., 2019; this
study) and experiments from S partitioning experiments with high M/S
sulfides under reduced conditions (IW-2 < logfO, < IW) (Grewal et al.,
2019; Tsuno et al., 2018). The model exhibits a good fit to these ex-
periments under low fO, (Fig. 5A), which makes our model more ac-
curate in predicting SCSS under lunar mantle-relevant fO5 than all
previous models.

To test our model, we calculated the predictive SCSS based on ex-
periments in this study as a function of the M/S ratio of sulfides
(Fig. 2A). For each parental magma composition, we utilized the average
melt composition (Table S1), and plotted the SCSS trend in two P-T
conditions covering the experimental temperatures and pressures,
assuming that the sulfides contain only Fe and S, to investigate the effect
of sulfide M/S ratio caused by changes in fO, without varying the FeO*
content in silicate melt. Our calculations can constrain the experimental
results well, which show that the M/S ratio of the sulfides negatively
correlates with the SCSS. We further compared our new model with
seven previously developed SCSS models (Blanchard et al., 2021; Ding
et al., 2018; Fortin et al., 2015; Liu et al., 2021; O’Neill, 2021; Smythe
et al., 2017; Steenstra et al., 2020b). The new SCSS model developed in
this study yielded a higher coefficient of determination (R?) than all
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other models for our calibration dataset, indicating our model predicts
SCSS well under a wide range of conditions (see Fig. 5 or 54 for the P-T-
fOo-composition ranges of our calibration data).

We conducted t-test for parameters in Eq. (13) and p values of 8

Xsulﬁde 2

lfide2 lfide y sulfid
XreXti, sulf , Xsuﬁ e Xsuﬁ eXsuﬁ e

parameters (X7, Xca, CuSos ? NiS  “*Fe metal’

X;L;U;‘iialXSC“lfgi:) are larger than 0.05 threshold (5 % significance level),

suggesting the overfitting of the model based on the thermodynamic
framework. Meanwhile, we also noticed that 6 terms in Eq. (13) have

C L Ifide2 Ifide2 lfide ysulfid
significant 1c uncertainties (Xr;, Xcq, X;’,‘Lf e XSC“ugo: ) X;’,‘,f eXSC“ufSiD:,

Xulfde ysulfde X;‘;lfld;alec"lfgf:), suggesting the relative unimportance of

these terms for the fitness. Therefore, we omitted these 6 terms and
refined the model with a simplified expression:
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For the simplified version of our SCSS model, the comprehensive
fitness to all 361 experiments is still good (R? = 0.91; osgg = 633),
including those experiments coexisting with Fe-rich metal (orange
symbols; Fig. 5B). Overall, the two forms show especially good agree-
ment when predicting SCSS under fO, below IW buffer, as most of the
SCSS values of these experiments can be reproduced within 25 % de-
viation by both forms (orange symbols in Fig. 5), which makes our
model very suitable for lunar mantle conditions. In addition, we con-
ducted the t-test again and the p values of all parameters are less than
0.05, suggesting all parameters in Eq. (14) are statistically significant.
However, we indeed observed that Eq. (14) did not perform as well as
Eq. (13) for some of the low-SCSS experiments. Therefore, we reported
both versions and made them available as SCSS calculators in a MS Excel
spreadsheet in Table S3.

To further assess the quality of our new SCSS model, we tested the
model with 120 additional SCSS experiments in our extrapolation
dataset. The fitness of our predictions to the SCSS measured in these
experiments by Egs. (13) (R2 = 0.85; oggg = 507) and (14) (R2 = 0.85;
osgg = 496) remains good, indicating the reliability of our model
(Fig. S5; Table 3). We noticed that the effect of fO, on SCSS observed in
Mercury-related experiments is opposite to Fig. 2, i.e., SCSS significantly
increases as fO, decreases (e.g., Chabot et al., 2014). That is because at
such reduced systems (~IW-5), S would not complex primarily with
FeZ* in the silicate melt, since the large amount of the Fe>™ would be
reduced to Fe metal, that S would prefer to form MgS and CaS complexes
(Namur et al., 2016a). In this case, applying Eq. (2) is not appropriate
and the estimations of activity coefficients of MgO and CaO in silicate
melt, as well as MgS and CaS in sulfide melt are required. These will
significantly complicate our SCSS model and inevitably propagate un-
certainties. Given the composition of lunar sulfides are composed pri-
marily of Fe, Ni and Cu, instead of Mg and Ca (Malavergne et al., 2014),
and the lunar mantle fO2 is much higher than that of Mercury (Wadhwa,
2008), we did not include experiments with extremely low fO5 into our
calibration dataset. However, we tested four experiments from Mercury-
relevant studies (Chabot et al., 2014; Berthet et al., 2009), all of which
were subsets that were free of metallic Si in the starting composition
(fOgs from IW-1.6 to IW-0.7; Berthet et al., 2009), thus avoiding the
involvement of significant amounts of Mg and Ca in the sulfide. All four
experiments can be reproduced within 50 % uncertainties (Fig. S5).
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4.8. Sulfur abundance in the mantle source of CE-5 basalt

The new SCSS model developed in this study allows us to track the S
concentrations in the lunar mantle-derived melts with various source
sulfide compositions, abundance, and the extent of mantle melting. To
begin with, we can calculate the SCSS of the parental melt of CE-5 ba-
salts, and compare our calculations to the reconstructed S concentra-
tions in the parental magma based on the proposed petrogenesis (e.g.,
Tian et al., 2021; Wang et al., 2024a), in order to assess whether the
melting residue is sulfide-bearing. Generally, the multiple saturation
point may indicate the pressure and temperature at which the parental
melt was finally in equilibrium with the mantle source (e.g., Grove and
Krawczynski, 2009). Therefore, we applied the multiple saturation point
conditions and parental magma compositions from Haupt et al. (2023),
Luo et al. (2023), and Wang et al. (2024a) in our calculations first, as all
of them suggested the CE-5 mantle source is relatively shallow
(~100-250 km), and the most primitive CE-5 basaltic clasts may be
products of mantle partial melting.

The S concentrations in CE-5 mare basalt have been estimated by
several previous studies [e.g., 600 + 300 ppm in Liu et al. (2022);
~760-1720 ppm in Li et al. (2024); ~1107-1351 ppm in Che et al.
(2021)]. Sulfur abundances reported by Che et al. (2021) and Li et al.
(2024) are about twice as high as those calculated by Liu et al. (2022).
However, the higher S abundances may reflect the fractional crystalli-
zation process of the CE-5 parental melt, which is suggested by the
relatively low MgO concentrations of clasts in Che et al. (2021)
(4.49-5.17 wt%) and Li et al.(2024) (4.58-7.28 wt%; measurements
from Wang et al., 2023), as the MgO content of CE-5 basalt can be as
high as 9.71 wt% (Tian et al., 2021). In addition, neither Che et al.
(2021) nor Li et al. (2024) evaluated the loss of S by possible equilibrium
degassing (Liu et al., 2022; Wang et al., 2024b). Based on the above

5000
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arguments, we applied the lower estimation by Liu et al. (2022) in our
following calculations.

We tested three possible sulfide compositions. In addition to pure FeS
(e.g., Ding et al., 2018), and high Fe/S ratio sulfide to simulate low fO,
environment (M/S = 6 at fO, = IW-1.48; Brenan et al.,, 2019), we
examined a high M/S ratio sulfide with 12 wt% Ni (the possible upper
bound of Ni content in lunar mantle sulfide calculated by mass balance;
Brenan et al., 2019), as the existence of Ni and Cu in sulfide will further
lower the SCSS (e.g., Smythe et al., 2017). The calculations show that
the predictive SCSS for all simulated scenarios is higher than the con-
centration of S in the CE-5 parental melt (Fig. 6), indicating the mantle
residue was likely sulfide-absent at the point of CE-5 basalt extraction
unless the Ni distribution in the lunar mantle is heterogeneous so that an
extremely S-poor and Ni-rich, Fe-alloy was the chief S-bearing accessory
phase in the CE-5 mantle source (e.g., M/S = 6 sulfide with ~ 20 wt%
Ni). Liu et al. (2022) and Wang et al. (2024b) reported the sulfide
composition in CE-5 basaltic clasts and impactites. After the exclusion of
exotic S-bearing phases, Ni-enriched sulfide (e.g., Pentlandite) was only
observed in the interior of the troilite and interpreted as an exsolution
phase. Considering the relatively low Ni abundance of the CE-5 primi-
tive magma (50 — 100 ppm) compared with the Apollo low-Ti basalt (Su
et al., 2023), it is unlikely that the Ni-enriched and S-depleted alloy was
the dominant S-bearing accessory phase in the CE-5 mantle source.

We take the petrogenesis from Wang et al. (2024a) as an example to
reconstruct the S abundance in a shallow mantle source scenario. These
authors suggested the CE-5 mare basalt was generated by ~ 2-5 %
partial melting of a pyroxenitic mantle. We simplified the melting pro-

cess as modal batch melting and applied the equation:
_Ds

) )

where F represents the melting degree, D, represents the partition

€8 = G x (Dl +F(1 as)
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Fig. 6. Predictive SCSS for different CE-5 parental magma compositions and three possible equilibrium sulfide compositions. Also plotted is the calculated range of S
concentrations in the CE-5 mare basalt prior to equilibrium degassing (Liu et al., 2022), to represent the S in the parental melt, since the premise for all parental melt
compositions here is that the most primitive CE-5 mare basalt is the direct product of mantle partial melting (Haupt et al., 2023; Luo et al., 2023; Wang et al., 2024a).
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coefficient S during partial melting, that we take D = 0.001 as suggested
by Steenstra et al. (2020Db) in lunar magma ocean modeling, C5 and C§
are concentrations of S in the mantle source and partial melts, respec-
tively. We note that the Eq. (15) applies where the extent of melting is
larger than needed to consume sulfide from the lunar mantle residue.
The results suggest the S concentration in the CE-5 mantle source is ~
13-31 ppm (Fig. 7A) if the mantle source underwent 2-5 % partial
melting to produce CE-5 mare basalt (Wang et al., 2024a).

Tian et al. (2021) suggested the CE-5 basalt is a product of source
partial melting followed by extensive fractional crystallization of the
primary basalt. This hypothesis has been further verified by Su et al.
(2022) and Haupt et al. (2023), proposing a deep mantle source origin
(e.g., ~500 km depth; Su et al., 2022). A recent study by Li et al. (2024)
reported the estimated S abundance in the CE-5 mantle source can be as
high as ~ 125 ppm if the CE-5 basalt originated from a deep source (Su
et al., 2022), which overlaps with the S budget in Earth’s upper mantle
(Ding and Dasgupta, 2017). Such a high lunar mantle S abundance was
calculated from the SCSS of the immiscible mafic melt observed in their
basaltic clasts (containing 2500 ppm S), which must be accompanied by
extensive fractional crystallization and therefore cannot represent the
primitive mantle-derived melt. Moreover, in their calculation they also
assumed the mantle source experienced 10 % of partial melting followed
by 30-70 % of fractional crystallization (Su et al., 2022). However, the
calculated S abundance by magmatic differentiation reconstruction is
highly model-dependent (Li et al., 2024). The major element modeling
in Su et al. (2022) could provide valuable insights regarding mantle
source compositions and melting conditions, but it cannot constraint the
mantle melting process well, as their THERMOCALC model suggests the
feasible melting degrees are in the range of 1-25 %. That is, the S content
of the parental magma can vary up to a factor of ~ 25 over such a large
range of partial melting estimation if sulfide in mantle residue was
exhausted (Eq. (15)). Because of above, we tested the deep source hy-
pothesis with the parental magma composition from Su et al. (2022) but
assumed the mantle source experienced 2-3 % of partial melting, fol-
lowed by 43-88 % of fractional crystallization based on the trace
element modeling by Tian et al. (2021). The S abundance in the parental
magma before fractional crystallization can be estimated by Rayleigh
fractionation:
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a
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c =

where F represents the fraction of melt during magma differentiation,
while C§ and C§ are concentrations of S in the parental and evolved
melts. The calculated S in the parental magma is 72-342 ppm, which is
distinctly lower than the SCSS calculated using our predictive model
based on the composition of the parental melt (~1130-4280 ppm).
Considering our experiments with parental magma similar to Su et al.
(2022) suggested a multiple saturation point with an even higher tem-
perature and lower pressure (Fig. 3), which will further increase the
SCSS of the parental melt (Egs. 13 and 14), if the mantle source residue
of CE-5 basalt is deep, then it must be sulfide-absent. In this case, the
calculated S abundance in the mantle source is ~ 2-11 ppm (Fig. 7B).

4.9. Comparison of the sulfur abundance in the mantle source of CE-5
versus Apollo basalts

Comparison of our calculated source S abundances with those in the
source of older Apollo samples can provide insights into lunar mantle S
evolution. Previous studies applied magmatic differentiation recon-
struction (e.g., Hauri et al., 2011) or conservative elemental ratios (e.g.,
Ni et al., 2019; Su and Zhang, 2024) to calculate the volatile abundance
in the mantle source of older Apollo samples, with the former method
demanding the knowledge of magma evolution path, and the latter
approach requiring the determination of specific refractory element
abundances in the mantle source. Ding et al. (2018) estimated S con-
centrations in the mantle sources of various Apollo basalts and volcanic
glasses by estimating the melting degrees of their sources. The results
show the S abundances in the mantle source are 25-120 ppm for Apollo
low-Ti basalts and green glasses, and 10-157 ppm for high-Ti basalts and
orange glasses (Fig. 8). These authors proposed a heterogeneous S dis-
tribution in the lunar mantle, since even samples with similar Ti con-
tents have distinct S abundances (e.g., the source of Apollo 12 and 15
low-Ti basalts have 27-92 and 10-23 ppm S, respectively). However,
the uncertainties of melting degree estimation and S degassing calibra-
tion may also contribute to this heterogeneity. Ni et al. (2019) found
similarities in the highest S/Dy ratios of melt inclusions in different low-
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Fig. 7. The evolution of S content in the melt as a function of partial melting degree (F in wt.%) of the CE-5 (A) shallow mantle source or (B) deep mantle source. The
blue and orange solid lines represent the S concentration in the partial melts after consumption of sulfide, while blue and orange dashed lines indicate S contents of
partial melts if the mantle residue was not saturated with a high M/S (5.2) sulfide with 12 wt% Ni. Black solid lines are predictive SCSS for different sulfide
compositions. Black dotted lines and grey vertical bands represent the S concentration in the CE-5 parental melt and the estimated degrees of partial melting as

suggested by Wang et al. (2024a) and Tian et al. (2021).
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and Dasgupta (2017). The age of Apollo 12 low-Ti basalt (Alexander Jr et al., 1972; Compston et al., 1971; Stettler et al., 1973) is the average of samples investigated

in Ding et al. (2018) and Ni et al. (2019).

Ti basalts, a phenomenon also found among high-Ti samples, and that
the highest S/Dy ratios of inclusions in the low-Ti basalts appeared to be
systematically higher than in the high-Ti samples (e.g., Hauri et al.,
2015). They regarded the highest S/Dy as the best estimate of this ratio
for the parental magma before degassing, and applied a bulk silicate
Earth Dy concentration (McDonough and Sun, 1995) to calculate S
abundances of 79-120 and 52-64 ppm in the mantle source of low-Ti
and high-Ti samples, respectively (Fig. 8).

The source of the young CE-5 basalt shows overall much lower S
abundances compared to the mantle of the Apollo low- and high-Ti
samples. This is interesting as Tian et al. (2021), Haupt et al. (2023),
and Luo et al. (2023) suggested the mantle of CE-5 basalts might be
similar to that of Apollo 12 low-Ti basalts in terms of isotopic and major
element geochemistry. We plotted the S abundances in the mantle of
Apollo 12 low-Ti basalts from Ding et al. (2018) (27-92 ppm) and Ni
etal. (2019) (88-116 ppm), and found that the S abundances in the CE-5
mantle is a factor of ~ 3-80 lower compared to those reported by Ni
et al. (2019), depending on the petrogenesis of CE-5 basalts. Only when
the mantle source is shallow, can the upper limit of the CE-5 mantle S
abundance overlap with the lower value reported by Ding et al. (2018),
suggesting that the mantle source of CE-5 basalts likely has a lower S
abundance than the mantle source of the Apollo 12 low-Ti basalts. Due
to the similar 53*S values of the CE-5 mantle source compared with that
of Apollo low-Ti basalts (Liu et al., 2022; Ni et al., 2019; Wang et al.,

12

2024b; Wing and Farquhar, 2015), the former may originate from the
same mantle source as the latter. The higher estimated S abundance in
the mantle of Apollo low-Ti basalt, which might overlap with the
terrestrial upper mantle (Fig. 8), compared to that of CE-5 mantle
source, is consistent with continuous or intermittent extraction of vol-
atile (e.g., S) by lunar mantle melting for > 1 billion years, which has
also been suggested by a previous study on water abundance in CE-5
basalts (Hu et al., 2021). Moreover, Du et al. (2022) investigated the
landing site of CE-5 mission by the radial variation of the Ti concen-
trations in the ejected materials around large craters and established a
stratigraphic column of CE-5 landing site. Their study suggested there
are 4 units of basaltic lava flows from 3.44 to 2.03 Gyrs beneath the CE-5
landing site, supporting the theory that the intermittent volcanism may
cause the degassing of S.

We must emphasize that the above estimations of S abundance in the
mantle of Apollo samples are based on the premise that the mantle
residue was sulfide-absent. If the parental magma of the Apollo mare
basalts were generally in equilibrium with high M/S ratio sulfides, then
many Apollo samples’ mantle residue might be sulfide-saturated,
including Apollol12 low-Ti basalt (e.g., Apollo 12,008 and 12035;
Brenan et al., 2019), which would result in further higher estimates of
the abundance of S in the mantle, suggesting the mantle S loss would be
even greater from ~ 3.2 Ga (Alexander Jr et al., 1972; Compston et al.,
1971; Stettler et al., 1973) to ~ 2.0 Ga (Fig. 8). Otherwise, the extremely
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low S abundance in the CE-5 mantle may also be in part be reflecting S
heterogeneity in the lunar mantle.

5. Summary and Conclusions

In this study, we experimentally determined the SCSS of basaltic
melts thought to be parental to young CE-5 mare basalts. We varied the
experimental fO; and compared our results with experiments from
Brenan et al. (2019). We found that for IN-2 < logfO, < IW, the M/S
ratio of sulfide increases with decreasing fO,, and the SCSS of silicate
melt decreases accordingly. Because most previous models fail to predict
the SCSS of silicate melts in equilibrium with high M/S ratio sulfide
under lunar-relevant fO,, we developed a new thermodynamic SCSS
model applicable to a wide range of terrestrial and lunar-relevant fOs.
With the help of our new model, we calculated the SCSS of several CE-5
parental melt candidates. The predictive SCSS values are higher than the
estimated S abundances in all possible parental magmas regardless of
fOo, unless the dominant sulfide is extremely Ni-rich and S-poor, sug-
gesting that the residual mantle source of CE-5 basalts is sulfide-absent.
The reconstructed CE-5 mantle source yielded much lower S abundance
(2-31 ppm) compared to the source mantle of Apollo high-Ti and low-Ti
basalt, which may reflect a continuous or intermittent partial melt
extraction from the lunar mantle until ~ 2 Ga, depleting the residual
mantle in sulfur, or heterogeneity of lunar mantle S distribution.
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