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Very few in situ lunar sulfur studies exist, with the major focus being on bulk-rocks in which 22 

a relatively restricted sulfur isotope fractionation is observed, leading to suggestions that the 23 

source of sulfur in the lunar interior is homogeneous. Using a novel approach, we present for 24 

the first time two complementary datasets combining in situ secondary ion mass spectrometry 25 

and X-ray absorption near-edge structure spectroscopy of lunar apatite, to investigate the late-26 

stage behaviour of sulfur in lunar basaltic melts. Our measurements reveal varied sulfur 27 

contents of ~20–2,800 ppm and δ34S values of -33.3 ± 3.8‰ to +36.4 ± 3.2‰ (2σ). The 28 

apatites have S6+/ΣStot ratios of >0, with average values as high as 0.55, providing evidence 29 

for the existence of relatively oxidized late-stage silicate melts on the Moon.  We propose the 30 

existence of multiple, and previously unrecognised, distinct sulfur isotopic reservoirs in the 31 

lunar interior and atypical oxidizing conditions in late-stage silicate melts. These findings are 32 

important for our understanding of lunar formation processes and the evolution of redox 33 

conditions during the formation of terrestrial bodies. 34 

 35 

Redox conditions played a crucial role in the evolution and chemical differentiation of 36 

planetary bodies in the early Solar System1. When compared with terrestrial basalts, lunar 37 

(mare) basalts formed under conditions that were significantly more reducing, which is 38 

evidenced by the presence of ubiquitous metallic iron (Fe) in lunar rocks2. The primary S-39 

bearing mineral phase in mare basalts is late-stage crystallising troilite (FeS), which contains 40 

the more reduced form of sulfur3. In magmatic systems, S exists in many phases (e.g. a melt 41 

or a gas), in multiple-oxidation states (predominantly, sulfide (S2-) and sulfate (S6+)) and it 42 

has many stable isotopes (e.g., 32S, 33S and 34S) (refs. 4,5). Earlier studies of mare basalts 43 

reported δ34S values of -5.2‰ to +1.44‰ from bulk-rocks6-13, whereas a more recent study 44 

documented very restricted δ34S values between +0.44‰ and +0.69‰ for ten mare basalt 45 

bulk-rocks, suggesting an initially homogeneous source for sulfur14. However, in situ 46 
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measurements of ‘vein and replacement troilite’ (FeS) from Apollo 16 lunar highlands 47 

clasts15 have negative δ34S values of –3.3 ± 1.6‰ to –1.0 ± 1.6‰ (2σ) which are partly 48 

attributed to secondary alteration by a 32S-enriched vapour phase. Likewise, Apollo 17 49 

volcanic glass beads have negative δ34S values (–2.62‰ to –0.19‰) owing to the initial loss 50 

of 32S to the vapour phase during extrusive volcanism, followed by incomplete and variable 51 

32S condensation from the vapour cloud onto the bead surfaces16. With the exception of one 52 

in situ study that reports a positive average δ34S value of +10.5 ± 3.0‰ (2σ) from 53 

measurements of a single grain17, the S isotopic composition of lunar apatite, so far, remains 54 

unstudied despite its potential to shed light on the nature of S isotopic reservoir(s) in the 55 

Moon. With a general chemical formula of Ca5(PO4)3(F,Cl,OH) apatite is a late-stage 56 

crystallising mineral in a basaltic melt that is capable of hosting volatile elements, including 57 

S within its crystal structure18-20. Terrestrial apatite δ34S values are positive (1.0‰ to 8.5‰) 58 

due to ascent-driven degassing and the presence of multiple oxidation states of sulfur (most 59 

likely S6+ and S2-) in the magmas21. Apatite is sensitive to S oxidation state changes in the 60 

silicate melt and would preferentially incorporate S6+ into its crystal structure19,22,23. 61 

Accordingly, otherwise undetectable quantities of S6+ present in a reduced silicate melt can 62 

be detected and measured in apatite23. The results of recent X-ray absorption near-edge 63 

structure (XANES) spectroscopy24 of lunar apatites in two Apollo basalt samples demonstrate 64 

the dominance of S2-, and relatively low oxygen fugacity (fO2) of lunar magmas, where more 65 

than half of the measurements have a S6+/ΣStot ratio of <0.03. 66 

We analysed S in apatites of thirteen Apollo samples to investigate S isotopic reservoir(s) in 67 

the lunar interior and the potential of apatite to reveal the fO2 of the late-stage silicate melt. 68 

Chlorine abundance and isotopes were simultaneously measured with S to better understand 69 

the unknown behaviour of S from what is already known for Cl in lunar apatite in relation to 70 

the identification of distinctive Cl isotopic reservoirs in the Moon. 71 



4 
 

 72 

Sulfur in lunar apatite 73 

The abundances and isotopic compositions of S and Cl were measured on the same spot in 74 

apatite grains from ten mare basalts, a KREEP-rich basalt, a feldspathic polymict breccia and 75 

a feldspathic granulitic impactite (Supplementary Information), using a newly adapted 76 

protocol for the Cameca 50L nano-scale secondary ion mass spectrometer (NanoSIMS) 77 

(Methods) at the Open University. The S analysis of lunar apatites reveal ~20–2,800 ppm S 78 

with S isotope (δ34S(V-CDT)) values ranging from -33.3 ± 3.8‰ to +36.4 ± 3.2‰ (2σ), 79 

representing significant variability (Figure 1 and Supplementary Information). There is a lack 80 

of any statistically significant correlation between δ34S and δ37Cl (Supplementary 81 

Information), which we interpret as a decoupling of S and Cl during the evolution of the lunar 82 

interior. Consequently, the trend of increasing δ37Cl in apatites from mare basalts through to 83 

KREEP basalts through to highlands rocks that tells a story of the evolution of Cl in the lunar 84 

interior25-30, is not apparent in the δ34S dataset. 85 

Sulfur is heterogeneously distributed in lunar apatites, with two orders of magnitude 86 

difference between the lowest and the highest S abundances and a difference of ~70‰ 87 

separating the minimum and maximum δ34S values. There are no obvious correlations among 88 

the samples in terms of S abundances and δ34S values. There are, however, three distinct 89 

clusters of S isotopic compositions: one with anomalously high δ34S values, one with 90 

anomalously low δ34S values and one straddling 0‰, covering a region of ~ +10‰ to ~ -10‰ 91 

(Figure 1 and Supplementary Information). When compared with the δ34S values of a single 92 

lunar apatite in granulitic impactite sample 79215 (+9.7 ± 2.8‰ and +11.3 ± 3‰ (2σ))17, the 93 

results of our measurements on six apatite grains of the same sample are, within statistical 94 

uncertainty, identical (Supplementary Information). Overall, our results show that lunar 95 

apatites appear to have a far greater spread in δ34S compared with the very restricted mare 96 
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basalt bulk-rock values of +0.44‰ to +0.69‰ (ref. 14). Given that the primary S-bearing 97 

mineral phase in mare basalts is troilite3 which forms after apatite and exists in varying 98 

abundances in every Apollo sample analysed in this study, it is likely that the more restricted 99 

bulk-rock values (+0.44‰ to +0.69‰) predominantly reflect the δ34S value of troilite, which 100 

masks the S contribution from apatite (Supplementary Information). 101 

 102 

Sulfur degassing and vapour phase interaction 103 

Studies indicate that sulfur isotope compositions may be affected by redox processes21,31-33. 104 

The apatites in low-Ti basalt 15065 have the lowest δ34S values (-33.3 ± 3.8‰ to -14.1 ± 105 

2.6‰) measured in this study (Figure 1 and Supplementary Information). In this sample, 106 

there is a positive correlation between apatite δ34S and S abundance. Moreover, there is a 107 

core-rim decrease of both δ34S (-18.0 ± 2.4‰ to -27.4 ± 6.5‰) and S abundance (~1,500 ppm 108 

to ~410 ppm) in a single zoned apatite grain in this sample. We interpret this as a loss of the 109 

heavier S isotope during degassing (e.g. ref. 34) from a reduced (S2--rich) late-stage silicate 110 

melt, whereby the lighter S isotope is preferentially retained in the melt21,31,32,35. We propose 111 

that, prior to apatite crystallisation, the late-stage degassing species was isotopically heavy 112 

H2S and SO2 which degassed near to the surface of the Moon (e.g. refs. 35,36). The apatites in 113 

15065 show no signs of secondary alteration but are zoned with respect to S (Supplementary 114 

Information) which is suggestive of primary crystal growth within a silicate magma. 115 

However, given the anomalously low δ34S values for apatites in sample 15065, in addition to 116 

S isotope fractionation from degassing, we conclude that the late-stage silicate melt interacted 117 

with a reduced and already fractionated (with respect to S isotopes) vapour phase prior to or 118 

during apatite crystallisation (after >95% crystallisation (e.g. refs. 37,38)). 119 

The apatites of low-Ti basalt 15016 have the highest δ34S values recorded in this study (+28.9 120 

± 8.3‰ to +36.4 ± 3.2‰). The anomalous δ34S signature may be attributed to increased 121 
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oxidation as a result of interaction between a relatively oxidized vapour phase and the late-122 

stage silicate melt. A more oxidised late-stage silicate melt would predominantly contain S6+ 123 

dissolved as SO4
2-. This melt can preferentially retain 34S (refs. 21,33), leading to degassing of 124 

isotopically light H2S and SO2, leaving behind a heavier δ34S signature in the residual silicate 125 

melt prior to apatite crystallisation. 126 

Whilst unexpected, the existence of transient oxidized conditions in the lunar environment 127 

have been reported following the discovery of Fe-oxide (Fe3+) in a breccia clast39 and 128 

volcanic glass beads40. The variation of S abundance between apatites likely indicates 129 

crystallisation at slightly different stages, where the smallest fraction of silicate melt 130 

remaining would have contained the highest concentration of S. This is clearly demonstrated 131 

by a single zoned apatite grain which has a core-rim increase of S abundance (~1,210 to 132 

~2,760 ppm S) that coincides with crystal growth in the melt (Supplementary Information). 133 

Our results highlight the existence of multiple, distinct, sulfur isotopic reservoirs with 134 

different levels of oxidation in the lunar crust that have not previously been identified. These 135 

distinct sources represent heterogeneity in the lunar crust and, therefore, in lunar basaltic 136 

melts. This was likely to have been caused by heat-inducing remobilisation of elements in 137 

different magmatic lithologies of the lunar crust (e.g. ref. 15). When compared with the 138 

silicate melt from which apatite crystallised, the mobile vapour phases interacted to a lesser 139 

degree with the segregated immiscible sulfide melt (Supplementary Information) from which 140 

troilite formed. 141 

 142 

The sulfur oxidation state of lunar apatite 143 

In order to further constrain which species of S was a dominant component in the late-stage 144 

silicate melts, we measured the oxidation state of S in lunar apatite with μ-XANES 145 

spectroscopy at the S K-edge on beamline I18 at Diamond Light Source, UK (Methods). We 146 
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analysed twelve different apatite grains from five Apollo mare basalts, along with 147 

surrounding mineral phases (e.g. pyroxene and glass), a terrestrial apatite (Durango) and 148 

reference materials with known S oxidation states. The full S-XANES spectroscopy results 149 

are provided in the Supplementary Information. The results of this study show that the more 150 

oxidized state of sulfur (S6+) is present in every lunar apatite analysed, with all having 151 

S6+/ΣStot ratios of >0. To preserve the δ34S signature, the majority of apatites crystallised after 152 

the main phase of S degassing and, therefore, the estimated fO2 of the silicate melt represents 153 

the time at or during which apatites crystallised41,42. The existence of the more oxidized S6+ in 154 

lunar apatite implies atypical oxidizing conditions at the time of their crystallisation. 155 

S-XANES spectroscopy of low-Ti basalt 12039 was performed by Brounce et al.24 who 156 

reported S6+/ΣStot ratios between 0 and 0.45 across six lunar apatite grains. The apatite 157 

analyses resulting in S6+/ΣStot ratios of >0.03 were attributed to the presence of fractures and/ 158 

or pits that were thought not to represent primary S of apatite but secondary alteration and 159 

oxidation24. However, our analysis of a different thin section of the same sample reveals 160 

S6+/ΣStot ratios between 0.23 and 0.42 for measurements made in crack-free regions of two 161 

different apatite grains, highlighting measurable contents of indigenous S6+. Low-Ti basalt 162 

15016 is the only sample analysed with S-XANES spectroscopy that has apatites with 163 

exclusively positive δ34S values which we interpreted to have crystallised from a relatively 164 

oxidized late-stage silicate melt dominated by S6+. Further evidence for this comes from an 165 

apatite grain in this sample that has an average S6+/ΣStot ratio of 0.55 (Figure 2), where ~65% 166 

of the S-XANES measurements have S6+/ΣStot ratios of >0.5 (Supplementary Information). 167 

Conversely, five apatites in low-Ti basalt samples 15058 and 15065 analysed with S-XANES 168 

spectroscopy have, within statistical uncertainty, negative δ34S values that are consistent with 169 

loss of 34S from a reduced (S2-) silicate melt. These apatites have average S6+/ΣStot values 170 

between 0.25 and 0.36 (Figure 2) which, alongside the S isotope data, provides additional 171 
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evidence of the dominance of S2- in the late-stage silicate melt at the time of apatite 172 

crystallisation (Figure 3). 173 

The in situ S measurements of apatite have revealed the existence of distinct, and previously 174 

unrecognized, S isotopic reservoirs in the lunar interior. Unlike the Earth, the Moon is 175 

practically devoid of alteration processes induced by active plate tectonics or a hydrological 176 

or biological cycle and, therefore, observations of this study have universal implications, 177 

whereby the Moon provides a unique insight into the evolutionary processes of inner Solar 178 

System planetary bodies. 179 

By combining the NanoSIMS and S-XANES datasets, this novel study demonstrates that the 180 

S species in the late-stage silicate melt and, therefore, the S species that was degassed, was 181 

dictated by the S oxidation state of the melt. Our findings call into question the applicability 182 

of standard reducing conditions to lunar late-stage silicate melts. Apatites show evidence of 183 

having crystallised under atypical lunar conditions following the interaction between melts 184 

and vapour phases originating from distinct S isotopic reservoirs that either contain or are 185 

dominated by the more oxidized form of S. These findings have significant implications for 186 

our understanding of lunar formation processes and suggest that variations in oxidation state 187 

may be an inevitable process in planetary igneous evolution. 188 
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acquired for NanoSIMS analysis. The Deben Centaurus cathodoluminescence panchromatic detector 367 

with Hamamatsu Photo Multiplier Tube (fitted to the FEI scanning electron microscope) at The Open 368 

University, with an accelerating voltage of 7 kV – 10 kV and an incident electron beam with a current 369 

of 0.7 nA – 1.5 nA, was used to determine whether zoning and/ or micro-textures in lunar apatite 370 

displayed any quantitative chemical relationship with lunar volatiles (e.g. S and Cl). 371 

 372 

Ion microprobe analysis. The Cameca NanoSIMS 50L at The Open University was used for all 373 

abundance and isotope analyses. Measurement of S and Cl abundances and isotopes in the apatite grains 374 

of lunar meteorite SaU 169 were performed before measuring any of the apatite grains in the Apollo 375 

samples to ensure that the modified NanoSIMS S and Cl protocols adopted for this study were feasible 376 

and would result in worthwhile and reproducible volatile measurement results. 377 

Imaging mode was used throughout this study because of the heterogeneous nature of apatite grains 378 

with respect to S and Cl. Likewise, imaging ensured that S hotspots (not native to apatite) present within 379 

the apatite grains that contained incredibly high S abundances (many thousands of ppm S) could be 380 

identified and avoided (Supplementary Information). 381 

The Cl protocol adopted for this study was based on a modified, existing Cl protocol27,43. A Cs+ primary 382 

beam with a probe current of ~200 pA was used to ‘pre-sputter’ target surfaces to remove gold coating 383 

and any surface contamination by rastering the beam over a 12 μm x 12 μm or 15 μm x 15 μm area for 384 

~3-5 minutes. The rastered area was reduced to 10 μm x 10 μm and a 20-25 pA Cs+ primary beam was 385 

used for sample analysis. Negative secondary ions of 18O, 32S, 34S, 35Cl, 37Cl and 40Ca16O were collected 386 

simultaneously in multi-collection mode on electron multipliers. The mass resolving power (MRP) was 387 

set to ~8,000 (Cameca definition), enough to resolve interference of 19F16O on 35Cl. Each imaging 388 

analysis consisted of 50-200 frames, and a frame size of 256 x 256 pixels was used for all images with 389 

an integration time of 500 μs per pixel, leading to total analysis time of 30 minutes to 2 hours. 390 

The S protocol involved modifying the Cl protocol and, initially, the NanoSIMS was set up to 391 

simultaneously collect the negative secondary ions of 18O, 31P, 32S, 33S, 34S, and 40Ca16O on electron 392 

multipliers but, to counteract the tremendous ionisation of the sample surface caused by very high 393 

counts of 31P reaching the detector, 31P was removed and the collected negative secondary ions became 394 
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18O, 32S, 33S, 34S, 35Cl and 40Ca16O (substituting 35Cl for 37Cl whenever the counts of 35Cl became too 395 

high relative to 32S). The rastered area was reduced to 10 μm x 10 μm and a 2-40 pA Cs+ primary beam 396 

was used for analysis. MRP of ~11,000 (Cameca definition) was used to resolve interferences such as 397 

31PH (on 32S), 32SH (on 33S), 32SH2 and 33SH (on 34S). The imaging conditions were the same as the Cl 398 

imaging analyses, and the typical analysis time varied from ~1 to ~5 hours (amounting to 100 to 500 399 

frames), where longer times were necessary due to low count rates of 32S. To offset any positive 400 

electrical charge, an electron flood gun (e-gun) was used during both Cl and S analyses to stabilise the 401 

counts reaching the detectors and reduce the background contribution. 402 

 403 

Calibration and uncertainty derivation. Terrestrial reference apatites, including Ap003, Ap004, Ap005 404 

and Ap018 (ref. 44), with known volatile abundances (Francis McCubbin (Johnson Space Centre, pers. 405 

comm.)) were used during the NanoSIMS analytical sessions to calibrate the unknown volatile 406 

abundances and correct for instrumental mass fractionation. A nominally anhydrous (‘dry’) San Carlos 407 

olivine reference standard was also used to assess and correct for the total instrumental S and Cl 408 

background contribution. 409 

The average 34S/32S or 37Cl/35Cl ratios of the reference apatite (Ap003 or Ap004, respectively) measured 410 

within a 24 hour period was used to correct the measured 34S/32S ratio or 37Cl/35Cl ratio of the sample 411 

for IMF within the same period. The typical reproducibility of the 34S/32S or 37Cl/35Cl ratios of the 412 

reference apatites was ~0.2‰ and ~0.4‰, respectively. The ratios were then referenced to the known 413 

δ34S(V-CDT) values of Durango (Ap003) (+0.34‰ ± 0.02‰21) and the known δ37Cl(SMOC) of Ap004 414 

(+0.11‰27). The standard deviation of daily measurements of the reference apatites were used to assign 415 

a per mil reproducibility to the isotope values derived for the samples. To calculate the total uncertainty, 416 

error propagation was used to combine the external reproducibility of the reference apatite with the 417 

internal uncertainty of the analytical measurements.  418 

 419 

X-ray absorption near-edge structure spectroscopy. The microfocus spectroscopy beamline, I18, at 420 

Diamond Light Source (DLS), Harwell Science and Innovation Campus, UK, was used to collect X-421 

ray absorption near-edge structure (XANES) spectra at the S K-edge from lunar apatite samples. 422 
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S-XANES spectra was collected in fluorescence mode for all analytical sessions with a four-element 423 

Vortex Silicon Drift X-ray detector. Analytical sessions began with S-XANES of the sulfur reference 424 

standards to check the sulfate (S6+), sulfite (S4+) and sulfide (S2-) peak energy positions of the standards 425 

against the corresponding known peak energy positions (~2483 eV, ~2478 eV and ~2470, respectively) 426 

(European Synchrotron Radiation Facility (ESRF) database). The Si (111) double crystal 427 

monochromator was used for all S-XANES spectroscopy. All analyses were performed in a helium 428 

environment to minimize absorption of the X-ray fluorescence signal into the surrounding atmosphere. 429 

Kapton tape (~13 µm) was placed in front of the detector in order to dampen the high phosphorous 430 

signal given off by the apatites. X-ray fluorescence (XRF) element maps of sample regions of interest 431 

(ROI) (typically 100 μm x 100 μm in size, depending on the apatite grain size) were acquired by 432 

recording fluorescence at 2500 eV with a dwell time of ~0.5 s per spot. The elements collected were P, 433 

S, Si and Cl (with K-alpha X-ray absorption energies of ~2013 eV, ~2306 eV, ~1740 eV and ~2620 eV, 434 

respectively). Analysis points were positioned across the apatite grains with use of the maps to avoid 435 

cracks in the apatite grains and any adjacent areas containing sulfides. S-XANES data was not collected 436 

for some grains due to the close proximity to troilite (FeS2-). 437 

A beam size of ~2 µm x 2 µm and an incident beam intensity (flux) at the S K-edge of ~1 x 1010 438 

photons/s was used for analysis. Initially, XANES spectra included the extended X-ray absorption fine 439 

structure (EXAFS) region by scanning the incident beam from 2430 eV to 2600 eV, with energy step 440 

sizes of between 1 eV and 5 eV in the (extended) pre- and post-edge regions and 0.2–0.5 eV between 441 

2465 eV and 2507 eV (which included the S K-edge region of ~2465–2484 eV) with scan durations of 442 

1 s per energy step. It became apparent that some S in lunar apatites was being oxidized due to the long 443 

scanning range used for S-XANES. This was detected by monitoring the S6+ peak relative to the S2- 444 

peak when making repeat measurements on the same spot on an apatite grain. To address the possibility 445 

of beam damage, the energy range was restricted so that S-XANES spectra were collected by scanning 446 

the incident beam from 2465 eV to 2494 eV with energy steps of 0.5 eV and 1 s per energy step. 447 

 448 

 449 

 450 
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Figures 451 

 452 

 453 

 454 

Figure 1. Plot of S isotopes (δ34S(V-CDT)) against S abundance (ppm) in apatite for the analysed lunar 455 

samples. The graph shows the results of S measurements performed with NanoSIMS for ten Apollo 456 

mare basalts, a KREEP basalt, a feldspathic polymict breccia and a granulitic impactite. Note the log 457 

scale on the x-axis. The three distinct clusters of S isotope values have been highlighted with dashed 458 

ovals. Two grey arrows highlight the direction of the apatite core-rim S variations. The error bars are 459 

at the 2σ uncertainty associated with the measurements. 460 

 461 



20 
 

 462 

Figure 2. Plot of S isotopes (δ34S(V-CDT)) against the average ratio of S6+ to total sulfur (S6+/ΣStot) for 463 

lunar apatites. The individual data points represent the average value of the scans collected for each 464 

apatite within a specific sample. For the majority of apatites measured, an obvious trend of increasing 465 

δ34S with increasing average S6+/ΣStot is highlighted on the plot (grey arrow) and is typical of that seen 466 

for terrestrial apatites. By way of comparison, Durango (terrestrial) apatite is also shown 467 

(Supplementary Information). The δ34S error bars represent the standard deviation (2σ) of the 468 

measurements made. 469 

 470 
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 471 

Figure 3. A cartoon to illustrate various scenarios under which sulfur isotope fractionation might have 472 

taken place during late-stage evolution of mare basaltic magmas prior to and during apatite 473 

crystallisation. a, Shows the typical scenario for samples containing apatites that have (within 474 

statistical error) δ34S values between ~ –10‰ and ~ +10‰. These apatites may have crystallised from 475 

a late-stage silicate melt pocket which was composed of varying quantities of S2- and SO4
2-, following 476 

interaction with reduced and oxidized late-stage vapour-phases (white veins spreading through lunar 477 

crust), mobilised from heterogeneous reservoirs within the lunar crust. For this scenario, both 32S and 478 

34S are degassed as H2S and SO2. b, A late-stage silicate melt has interacted with a reduced (S2- > 479 

SO4
2-) late-stage vapour phase and is preferentially degassing 34S (as H2S and SO2) to leave the 480 

residual melt 32S-rich (e.g. as seen for apatites in sample 15065). c, An oxidized late-stage melt (SO4
2- 481 

> S2-) that has formed by interaction with a late-stage oxidized vapour phase and is preferentially 482 

degassing 32S (as H2S and SO2) to leave the residual melt 34S-rich (e.g. as seen for apatites in sample 483 

15016). 484 
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Plot of S isotopes (δ34S(V-CDT)) against S abundance (ppm) in apatite for the analysed lunar samples.
The graph shows the results of S measurements performed with NanoSIMS for ten Apollo mare basalts,
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Plot of S isotopes (δ34S(V-CDT)) against the average ratio of S6+ to total sulfur (S6+/ΣStot) for lunar
apatites. The individual data points represent the average value of the scans collected for each apatite
within a speci�c sample. For the majority of apatites measured, an obvious trend of increasing δ34S with
increasing average S6+/ΣStot is highlighted on the plot (grey arrow) and is typical of that seen for
terrestrial apatites. By way of comparison, Durango (terrestrial) apatite is also shown (Supplementary
Information). The δ34S error bars represent the standard deviation (2σ) of the measurements made.



Figure 3

A cartoon to illustrate various scenarios under which sulfur isotope fractionation might have taken place
during late-stage evolution of mare basaltic magmas prior to and during apatite crystallisation. a, Shows
the typical scenario for samples containing apatites that have (within statistical error) δ34S values
between ~ –10‰ and ~ +10‰. These apatites may have crystallised from a late-stage silicate melt
pocket which was composed of varying quantities of S2- and SO42-, following interaction with reduced
and oxidized late-stage vapour-phases (white veins spreading through lunar crust), mobilised from
heterogeneous reservoirs within the lunar crust. For this scenario, both 32S and 34S are degassed as H2S
and SO2. b, A late-stage silicate melt has interacted with a reduced (S2- > SO42-) late-stage vapour phase
and is preferentially degassing 34S (as H2S and SO2) to leave the residual melt 32S-rich (e.g. as seen for
apatites in sample 15065). c, An oxidized late-stage melt (SO42- > S2-) that has formed by interaction
with a late-stage oxidized vapour phase and is preferentially degassing 32S (as H2S and SO2) to leave
the residual melt 34S-rich (e.g. as seen for apatites in sample 15016).
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