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Cryptic metasomatism during late-stage lunar magmatism implicated by sulfur in apatite
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www.geosociety.org/pubs/ft20XX.htm, or on request from editing@geosociety.org or

Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.

Data Repository (DR)1. Methods
DR1.1 Experimental approach

Gold capsules (3.8 mm O.D., 0.12 mm wall thickness, 10 mm length) were loaded
stepwise with ~37 mg of anhydrous rhyolitic or lamproitic glass (DR Table 2.1), ~3 uL H,O (or
~1.8 uL H,O for the AFMQ-1 experiment), and either: 0.2, 0.4, or 0.8 mg pyrrhotite. The
elevated water contents (>4 wt.%) are required to promote crystal growth; however, as mentioned
in the main text, the results are applicable to lunar magmas and allow us evaluate the S signature
in apatite from lunar mare basalts. The capsules were weighed, welded shut, and placed in a
drying oven (110-120°C) for several hours, then re-weighed to check for water loss. Charges
were pressurized to ~100 MPa and rapidly decompressed to confirm the mechanical integrity of
the welds and capsule. Apatite crystallization experiments were run at 1,000°C and 300 MPa for
3-5 days at the oxygen fugacity (fO,) values of AFMQ-1, AFMQ and AFMQ+3, where FMQ is
the fayalite-magnetite-quartz oxygen fugacity buffer. The fO, was controlled by adding H, to the
Ar-pressure medium and was monitored by using a Shaw-membrane (Berndt et al., 2002). We

highlight that AFMQ-1 is the lowest fO, conditions that can feasibly be achieved in the IHPV
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apparatus used in this study at 300 MPa, 1,000°C, and >4 wt% H,O. After rapid quench (Berndt
et al., 2002): (a) the capsules were re-weighed to confirm their mechanical integrity at run
conditions, and (b) the run products were then carefully recovered from the capsules. Capsules
revealing loss of weight (i.e., of volatiles/water) during any of the experimental steps were
discarded. Mafic experiments were performed to test the melt compositional effect on S
partitioning between apatite and melt, but are of lower importance for this study as discussed
below (DR Section 3.1); note: the mafic sulfide saturated experiment was performed Konecke et
al. (2017). The compositions of the (anhydrous) starting glasses are provided in DR Table 2.1.

All experiments produced a homogenous glass and un-zoned, coexisting apatite grains >5
um in diameter. The presence of sulfides (or sulfates) within the nominally sulfide (or sulfate)
saturated runs was confirmed via energy dispersive spectroscopy (EDS). The lamproite runs are
characterized by a high crystallinity with clinopyroxene (cpx), amphibole (amp), and £ iron
sulfide (po; e.g., depending on the fO, of the system) as mineral phases in addition to apatite;
mineral phases identified via EDS. The analytical results of the felsic and mafic apatite

crystallization experiments are provided in DR Table 2.2 and 2.3.

DR1.2 Electron probe microanalysis (EPMA) and Fourier transform infrared (FTIR)
spectroscopy

The experimental run products (glass and apatite) and natural apatite from the terrestrial
Carmen iron oxide — apatite ore deposit, Chile, were characterized quantitatively by wavelength
dispersive electron probe microanalysis (EPMA) by using a CAMECA SX-100 at the University
of Michigan (UM), American Museum of Natural History (AMNH), and at the Leibniz
University Hannover (LUH). An acceleration voltage of 15 keV, a beam current of 10 nA and a
beam size of 2 um was used for all element analysis of apatite (except for S); a second beam
condition (15 keV, 35 nA, ~1-2 um beam) was used for S to achieve limits of detection of ~30

ug/g S. Counting times for the apatite analyses were: 5 s for F; 20 s for CI; and 240 s for S. An
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acceleration voltage of 15 keV, a beam current of 5-10 nA and a beam size of 5-10 um beam was
used for EPMA of the glasses. Counting times for the glass analyses were: 10 s for F; 20 s for Cl;
and 240 s for S. Precautions were taken to prevent beam damage of glass (e.g., Cl, Na diffusion
and Al, Si burn-in) and apatite (e.g., F migration owing to crystallographic orientation effects;
Goldoff et al., 2012) during EPMA. Monitoring of Durango apatite (a fluorapatite) during the
EPMA sessions confirmed the suitability of our analytical approach for high-precision apatite
analysis (e.g., the F content was reproduced within ~5 % relative to the known content in
Durango apatite; cf. Jarosewich et al. 1980). Both SiO, and Al,O; concentrations were monitored
in experimental apatites to determine possible contribution from the surrounding glass and
mineral assemblages.

Fourier transform infrared (FTIR) spectroscopy was performed at the American Museum
of Natural History (AMNH) to quantify the water content of experimental rhyolitic glasses (mafic
glass pockets were too small to measure with FTIR) using the instrumentation and methods
described by Mandeville et al. (2002), and using the molar absorption coefficients of Ohlhorst et
al. (2001). The H,O contents measured via FTIR were within analytical error of the contents

estimated from mass balance calculations (see SI Table 2.2).

DR 2. Supplementary Tables

DR Table 2.1: Starting glass compositions
DR Table 2.2: EPMA of experimental apatite and felsic (AP1008-IH) glass
DR Table 2.3: EPMA of experimental apatite and mafic (LA45-IH) glass

DR Table 2.4: EPMA of Mina Carmen apatite



Data Repository Table DR2.1: Starting glass compositions
wt.%0 SiO; TiO; AlLO;

Felsic (FAP1008)  72.83  0.05
Mafic (**LA45)  40.13  4.37

FeO MnO MgO CaO

13.68 1.12 0.01 0.17 2.21 3.30 4.55 1.47 n.d. 0.14  99.53
857 875 0.20 9.21 16.24 0.50 5.29 3.81 n.d. nd. 97.07
Notes: *AP1008: Granite from the Krtuisné Hory Mts. (Erzhebirge, Europe) + 3 Wt.% P,Os; fused at 1,500°C for 3 hr.

Na,O K->O P,0Os5 H->O F Total

**LA45: Lamproite (sample AL/KB6-98) from Luttinen et al. (2002); Loss of ignition (LOI) at 1,200°C = 8.40%.
Felsic glass analyzed by EPMA at UM; mafic glass by XRF at LUH; n.d. not detected



Table DR2.2: EMPA of experimental AP1008-IH apatites & glass

AP1008-IH1 AP1008-IH1 AP1008-IH2 AP1008-IH2 AP1008-IH24 AP1008-IH24  AP1008-IH17  AP1008-IH17
Ap Glass Ap Glass Ap Glass Ap Glass
wt. % Sulfide saturated Sulfide undersaturated Sulfide saturated Sulfate saturated
SiO, 1.03 £0.20 68.58 £0.13 0.75 +£0.15 68.43 £0.16 0.88 £0.17 71.44 £0.20 0.40 +£0.08 69.15 +0.31
ALO; 0.21 £0.05 12.74 £0.03 0.15 +0.03 12.68 £0.05 0.14 £0.04 13.69 +£0.20 0.05 +0.03 13.36 £0.06
FeO 0.69 £0.01 1.17 £0.02 0.67 £0.03 1.31 £0.03 0.74 £0.02 1.18 £0.03 0.48 £0.01 1.75 £0.03
MgO 0.19 £0.01 0.16 £0.00 0.18 £0.01 0.16 £0.00 0.21 £0.01 0.17 £0.01 0.19 £0.01 0.17 £0.01
MnO 0.15 +£0.01 b.d. 0.16 £0.01 b.d. 0.17 £0.01 0.05 +0.01 0.16 £0.01 0.05 £0.01
CaO 52.16 £0.30 1.83 £0.08 52.71 £0.28 1.81 +0.13 53.02 £0.28 1.26 £0.02 53.21 £0.10 1.39 £0.01
K,O 0.21 £0.01 4.18 £0.02 0.20 £0.02 4.17 £0.02 0.18 £0.01 3.97 £0.03 0.14 £0.01 3.51 £0.18
Na,O 0.18 £0.02 2.86 £0.01 0.17 £0.03 2.64 £0.03 0.15+0.01 2.78 £0.05 0.18 £0.01 1.82 £0.15
P,05 41.40 £0.12 1.16 £0.06 41.28 £0.25 1.21 £0.10 41.10+0.18 0.76 £0.02 41.60 +£0.19 0.91 £0.02
Ce,0; 0.43 £0.02 b.d. 0.43 £0.01 b.d. 0.37 £0.03 b.d. 0.32 £0.01 b.d.
La,0; 0.27 £0.01 b.d. 0.21 £0.02 b.d. 0.27 £0.03 b.d. 0.19 +£0.01 b.d.
Cl 0.12 £0.00 b.d. 0.10 +£0.00 b.d. 0.01 +0.01 b.d. 0.01 £0.01 b.d.
F 2.16 £0.03 b.d. 2.15+0.11 b.d. 1.82 £0.01 b.d. 2.00 £0.06 b.d.
SO; 0.02 £0.00 0.05 £0.00 0.01 £0.00 0.05 +£0.00 0.02 +£0.00 0.05 +£0.00 0.14 +0.01 0.10 £0.00
O=F, Cl 0.94 - 0.93 - 0.77 - 0.84 -
OH wt.% 1.36* - 1.37* - 1.71* - 1.54* -
Mass Balance H,O - 7.29 £0.11 - 7.56 £0.10 - 4.55+0.23 - 7.38 £0.17
FTIR - 7.69 +£0.31 - 7.59 £0.31 - n.a. - n.a.
Total 99.64 £0.34 92.73+0.11  99.61 £0.35 92.46 £0.10 100.05 £0.32 92.46 £0.10 99.75 £0.09 92.49 £0.17
S (ng/g) 88 £8 193 +8 3345 176 £9 84 £21 220 +7 571 +46 405 £5
# of analyses 6 15 5 18 6 10 5 19
T°C 1000 1000 1000 1000
P (MPa) 300 300 300 300
AFMQ 0 0 -1 3
1.00 0.50 2.00 1.00%*

Pyrrhotite (wt.%)



Run Duration (hrs) 72.33 72.33 111.25 150.08
DgP™ 0.46 £0.04 0.18 £0.03 0.38 +£0.09 1.41 +0.11

Notes: b.d. is below detection limit; n.a. is not analyzed

O=F, Cl is correction factor

*Calculated using Ketcham (2015)

*#-0.35 wt.% S (elemental) + ~0.92 wt.% Fe,Os, where the Fe/S ratio corresponds to po.
Analyses reported in 1o standard error of mean

Ds*™reported in 1o standard error of mean



DR Table 2.3: EMPA of experimental LA45-1H apatites & glass

LA45-IH1* LA45-IH1* LA45-IH3 LA45-IH3
Ap Glass Ap Glass
wt.% Sulfide saturated Sulfide undersaturated
SiO, 1.73 £0.22 4350 £0.22 1.15+0.09 44.44 £0.36
TiO, 0.04 +£0.01 2.64+£0.05  0.04 £0.01 2.71 £0.03
AL O3 0.47+028 12.71+0.17 0.10+0.02 12.91 £0.15
FeO 0.59+0.06 9.30+0.17 0.46+0.02 9.37+0.13
MgO 0.25 +0.11 1.68 £0.10  0.24 +0.06 1.78 £0.03
MnO b.d. 0.30 +0.02 b.d. 0.35+0.02
CaO 53.00 £0.32  9.00+0.23  53.52+0.12 8.74+0.15
K,O 0.29 +0.03 8.93+0.04 0.26+0.02  8.39+0.46
Na,O 0.01 +£0.01 1.58 £0.04 b.d. 1.42+0.08
P,05 39.30+0.17 091 +0.22 40.43 +0.10 0.66 £0.19
Ce,0; 0.54 +0.02 b.d. 0.48 +0.02 b.d.
La,0; 0.23 +£0.01 b.d. 0.22 +0.01 b.d.
F 1.43+0.05 0.39+0.11 1.56 £0.04  0.45 +£0.08
Cl b.d. 0.01 £0.01 b.d. b.d.
SO; 0.08 +£0.01 0.64 +£0.05  0.04 £0.01 0.32+0.01
SrO 0.94 +£0.02 n.a. 1.01 £0.04 n.a.
BaO 0.02 +£0.01 0.50+0.04  0.02 +£0.01 0.52 +0.04
O=F, Cl 0.60 - 0.65 -
OH wt.% 1.93%* - 1.95%* -
Mass Balance H,O - 7.92 £0.26 - 7.95 £0.51
Total 100.25 92.08 £0.26 100.79 92.05 £0.51
+0.26 +0.19
S (ng/g) 322 +44 2553 £200 164 +49 1270 £47
# of analyses 10 7 9 8
T°C 1000 1000
P (MPa) 300 300
AFMQ
Pyrrhotite (wt.%) 1.00 0.50
Run Duration (hrs) 120.65 120.65
D™ 0.13 £0.02 0.13 +0.04

Notes: b.d. is below detection limit; n.a. is not analyzed
O=F, Cl is correction factor

Data from Konecke et al. (2017)
*Calculated using Ketcham (2015)
Analyses reported in 1o standard error of mean
Ds*™reported in 1o standard error of mean



DR Table 2.4: EPMA of Mina Carmen apatite (data from Konecke et al., 2017)

Distance (um) from cavity rim* 25 20 15 10 5 0 Average l.o.d
SiO, b.d. b.d. b.d. 0.17 0.14 0.12 0.07 £0.03 0.05
TiO, b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.02
ALO; b.d. b.d. b.d. b.d. b.d. 0.17 0.03 £0.03 0.04
FeO b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.07
MgO b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.03
MnO b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.07
CaO 54.87 54.97 54.89 54.34 54.21 53.55 54.47 +£0.23 0.08
K,O b.d. b.d. b.d. b.d. b.d. 0.09 0.01 +0.01 0.04
Na,O b.d. b.d. b.d. 0.11 0.19 0.21 0.08 +0.04 0.04
P,05 42.17 41.89 42.10 41.17 40.44 40.41 41.37 £0.33 0.19
Ce,0; b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.1

La,0; b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.12
F 3.71 3.70 3.72 3.92 1.62 2.18 3.14 +0.40 0.51
Cl 0.25 0.20 0.29 0.49 2.60 2.33 1.03 +0.46 0.02
SO; b.d. b.d. 0.09 0.26 0.52 0.44 0.22 +0.09 0.01
SrO b.d. 0.01 b.d. 0.02 b.d. b.d. b.d. 0.14
BaO b.d. 0.08 0.03 b.d. b.d. b.d. 0.02 +0.01 0.13
O=F, Cl1 1.62 1.60 1.63 1.76 1.27 1.44 1.55+0.07 -
Total 99.39 99.25 99.47 98.67 98.36 97.97 98.85 +0.25 0.25
S (ng/g) b.d. b.d. 347 1057 2096 1764 877 £370 -

Notes: b.d. is below detection limit; data reported in wt.% unless otherwise noted; l.0.d is limit of detection (elemental %)

*EPMA transect started approximately +10-15 um from rim
Error reported in 1o standard error of mean
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DR 3. Extended discussion
DR 3.1 Fractional Crystallization of Mafic Melt Scenario

In addition to the scenarios discussed in the main text, an empirically testable hypothesis
invokes early crystallization of lunar apatite from a mafic silicate melt. As for the lunar rhyolitic
system, we followed Liu et al. (2007) to calculate the theoretical SCSS for mare basalt 12039
(Rhodes et a., 1977) using the following parameters: Tseoiqus= 1,100°C (see main text for
discussion; c.f. Taylor et al., 1991 and references therein); H,O contents ranging from 1-100 pg/g
H,O, fO, of AIW iron-wiistite = -1 to +4, and 0.1 MPa. The model results coupled with the

ap/m

experimental Ds*" values (DR Table 2.3) suggest that the low S contents reported for the core of
the lunar apatite (<200 pg/g; Greenwood et al., 2011; Boyce et al., 2014) are consistent with
crystallization of apatite from a H,O poor (~10 ug/g H,O), S rich mafic melt (~1,200 pg/g S).
However, this scenario for the apatite core is highly unlikely considering the low P,Os content in
the bulk mare basalt (~900 pg/g P,Os; Rhodes et al., 1977), where apatite saturation is only
achieved once the residual melt in the mare basalt reached a rhyolitic composition (>88%
crystallization; Sha, 2000). Furthermore, crystallization of apatite containing ~430 pg/g S (i.e.,

rims of lunar apatite) would require an implausible amount of ~3,300 pg/g S in a H,O poor (~10

ng/g H,O) mafic melt.

DR3.2 Volatile signatures in terrestrial and extraterrestrial apatite

An alternative approach to decipher the lunar apatite volatile signatures is to compare
them with the volatile signature systematics of terrestrial apatite. Apatite from iron oxide-apatite
(IOA) ore deposits—which occur globally and are produced by magmatic-hydrothermal
processes in volcanic systems (Knipping et al., 2015)—fingerprint textural and chemical

reactions related to metasomatism (Treloar and Colley, 1996; Harlov, 2015; DR Figure 1 and 2).
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Similar F-Cl-(H)-S trends (DR Figure 1) and textural observations (e.g., volatile pathways;
Nadeau et al., 2010) observed for lunar apatite and terrestrial Mina Carmen apatite perhaps reflect
similar mechanisms; e.g., a metasomatic (i.e., modal and/or cryptic) reaction of fluorapatite to
fluor-chlorapatite via replacement of F by Cl in the apatite structure (DR Figure 2). We stress that
despite the difference in the core-to-rim length scales of volatile concentrations in terrestrial Mina
Carmen apatite and lunar apatite, the similarities with respect to the overall trends, and not the
absolute concentrations, can be used to infer that similar processes affected the apatite in both
systems (e.g., length scales can differ depending on T-X of the volatile phase and duration of
exposure).

Secondary REE-phosphate (e.g., monazite; [Ce,LREE,Th]PO,) inclusions in apatites
from the Mina Carmen IOA deposit (Treloar and Colley, 1996) in the Chilean iron belt evince
chemical alteration via metasomatism (Harlov et al., 2015; this study). Volatile trends for F and
ClI from the Mina Carmen and lunar apatite (DR Figure 1) record the reaction of fluorapatite to
fluor-chlorapatite (DR Figure 1) via replacement of F by CI in the apatite structure. Fluorapatite
to chlorapatite metasomatic alteration (e.g., where ap-Xc; > ap-Xg) via CaCl,-rich brines has been
observed in nepheline-bearing clinopyroxenites from the Ural Mountains, Russia; Krause et al.,
2013). Similarly, extraterrestrial basalts (e.g., lunar basalts) that show evidence of metasomatism
tend to contain relatively more Cl enriched apatites than non-metasomatized basalts (Hovis and
Harlov, 2010; McCubbin et al., 2011; McCubbin and Jones, 2015).

High-contrast backscattered electron (BSE) images of 12039,42 apatite grain 9 (DR
Figure 2A) in the study by Greenwood et al. (2011) provide evidence for complex chemical
zoning in lunar apatites (e.g., heterogeneous concentrations of volatiles and rare-earth elements
such as Ce). Lunar apatites from the Greenwood et al. (2011) and Boyce et al. (2014) studies
show evidence of incompatible element enrichment near the rims and along cracks (fractures)

within the apatite grain.
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Some results reported by Greenwood et al. (2011) for lunar apatite were interpreted by
the authors as being a cross-axial heterogeneity zoning effect, and excluded from further
considerations (open circles in Figure 1). However, the BSE image of apatite 12039,42 grain 12
from Greenwood et al. (2011) shows that the analytical spots represented by the open circles are
adjacent to cracks in the apatite crystal that are bordered by incompatible element enrichment.
These analytical spots are consistent with F-CI-OH-S concentrations measured near the apatite
rims, further suggesting that the volatiles signatures were induced by metasomatic alteration, post
apatite crystallization.

In terrestrial volcanic systems, Nadeau et al. (2010) reported petrographic evidence for
the exsolution of an aqueous phase that could produce sufficient overpressure-induced
hydrofracturing and create pathways for fluid mobility upon decompression of an ascending
magma. This indicates that the incompatible element enrichment of the lunar apatite rim and
proximal to cracks (i.e., fluid pathways) within apatite may have formed after the formation of the
apatite core, since the pathways crosscut the preexisting core of the apatite grains (see DR Figure
3.2).

Similar fluid pathways are observed in apatite from the terrestrial Carmen deposit, where
fluid infiltration and alteration is evidenced by the presence of REE-phosphate inclusions (e.g.,
monazite; (Ce,LREE, Th)(PO,); see DR Figure 3.2). Formation of nano- and micro-porosity in
metasomatically altered regions of apatite enhances fluid permeation, which promotes rapid
diffusive mass transfer of cations and anions between the fluid and the apatite (Harlov et al.,
2005; Kusebauch et al., 2015). The presence of REE-phosphate inclusions in Carmen apatite
provides further evidence that the porosity (e.g., fluid pathways; see DR Figure 2) was sufficient
enough to allow fluid-induced dissolution and re-precipitation of REE-phosphates. However,
hydrothermal fluids containing aqueous Na (e.g., NaCl brines) discourage the dissolution-

reprecipitation of REE-phosphate inclusions, since Na is less prone to leave the apatite structure
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because charge balance is retained (Harlov et al., 2015), and plausibly explains the absence of
REE-phosphates adjacent to lunar apatite 12039,42.

The similar trends observed for F, Cl and S (Figure DR1) indicate an incorporation of S
on the column anions site of apatite, consistent with Konecke et al. (2017) and also indicating
similar processes. Finally, although probably less likely, the volatile signatures in both Carmen
and lunar apatite could also be explained by dissolution and reprecipitation reactions of the

apatite in the presence of a metasomatic fluid (e.g., Engvik et al., 2009).

DR3.3 Absence of glass alteration

EPMA of the evolved glass believed to be in equilibrium with lunar apatite 12039,42
(Greenwood et al., 2011; Boyce et al., 2014) revealed exceedingly low S-content (e.g., below a
reasonable limit of detection of <100 pg/g S for the reported EPMA conditions). Thus, as
discussed above and in the main text, we argue that the volatile signature in lunar apatite is
related to metasomatism in the presence of a free volatile phase. Our observations and
interpretations beg the question as to why the apatite exhibits evidence of hydrothermal alteration,
whereas the evolved and late-stage glass does not. A first order explanation is provided by the
fact that glass analyses are often performed near the center of the glass using, e.g., a defocused
ion/electron beam (typically 5 to 20 um; i.e., relatively low spatial resolution) in order to avoid
contribution from surrounding mineral assemblages, while minimizing the impact on the sample
(e.g., Na migration, see Devine et al., 1995). However, the consequence of this technique is that it
cannot yield much chemical information regarding the edge or rim of the glass. In other words, if
the element diffusion length scales into the glass are short, the interaction volume of the probe
will not detect elevated S-concentrations.

We further suggest that the lack of alteration signatures in the residual glass of 12039
lunar mare basalt is directly related to the high fluid-melt partition coefficients for S (especially in

reduced systems; Zajacz et al., 2012), as well as due to a kinetically sluggish uptake of S by the
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evolved felsic lunar glass when compared to the apatite. In relatively more oxidizing systems
(unrealistic for lunar magmas), where anhydrite (CaSQO,) is the predominant S-bearing phase,
tephra can sequester S (e.g., specifically SO,) at T > 600°C (Aryis et al., 2013). The scavenging
ability of tephra is controlled by the rate at which Ca®" diffuses towards the glass interface, where
it forms Ca-S complexes (Aryis et al., 2013). However, at the low fO, of lunar systems (i.e.,
~AFMQ-4), S* is the only relevant oxidation state of S in the melt and it most likely forms
complexes with Fe*" in the melt structure (Zajacz et al., 2012; Fiege et al., 2015). Thus, the
uptake of S into the quenched residual felsic melt from a hydrothermal fluid is presumably
controlled by Fe diffusion. In turn, the low Fe contents in the residual lunar melt (<0.3 wt.% FeO)
will further limit the potential uptake of S explaining the sluggish (not detected) uptake of S by
the residual felsic glass in the mare basalts when compared to apatite.

Alternatively, as briefly discussed in the main text, the lunar apatite signatures
could reflect high water concentrations in a residual felsic melt of the lunar mare basalts
(>>10,000 pg/g H,O), where the residual melt degassed after apatite formation and solidifies
soon after; i.e. the apatite has no time to re-equilibrate. Although there is some recent evidence
for elevated water contents in some lunar rhyolites (Mills et al., 2017), the absence of vesicles in

the lunar mare basalt contradicts this scenario.

DR3.4 Stable Isotope Systematics

Previous studies have used stable isotope systematics to investigate degassing of lunar
magmas (cf. McCubbin et al., 2015B, and references therein). Recently, it has been demonstrated
that the applicability of Cl isotopes to the “water-on-moon-debate” remains controversial
(Ustunisik et al., 2015). Boyce et al. (2015) propose early degassing of the Moon’s magma ocean;
such degassing may “alter” the signature in lunar apatite (in particular those samples closer to the
surface that were collected during the Apollo missions), consistent with the cryptic metasomatism

hypothesis proposed in this study for apatite in lunar mare basalt (see main text).



203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227

228

DRA4. Brief petrographic description
DR4.1 Mina Carmen

The Mina Carmen iron oxide apatite (IOA) deposit is located ~20 km E of the Atacama
fault system in northern Chile (26.346993°S; 70.143110°W). The deposit is hosted within
porphyritic andesite of the Los Cerros Florida formation and is dominated by massive iron oxide
ore bodies consisting of magnetite and patches of modally minor hematite and minor apatite
(Treloar and Colley, 1996). Apatite occurs as coarse-grained crystals up to 50 cm in length within
the magnetite matrix and also within planar zones of magnetite. Halogen (F, Cl) and volatile (S)
element zonation observed in Carmen apatite (Treloar and Colley, 1996; Konecke et al., 2017) is
interpreted to represent primary magmatic fluorapatite that was subsequently metasomatically

overprinted to chlorapatite (ap-Xc; > ap-Xg) by an aqueous Cl-S-rich, F-poor phase.

DR4.2 Apollo 12 low Ti-mare basalt 12039

Lunar sample 12039 is characterized as pigeonite basalt containing mm-sized pyroxene,
plagioclase and tridymite (Rhodes et al., 1977; Baldridge et al., 1979; Neal et al., 1994). Apatite
found within the mesostasis and is interpreted to have been associated with late-stage
crystallization features such as high K, Si glass, pyroxferroite and Ba-rich feldspar (Greenwood et
al., 2011). Sample 12039,42 contains minor apatite that is relatively enriched in S (e.g., up to 430

pg/g S) and OH (up to ~1.1 wt% H,0; Greenwood et al., 2011; Boyce et al., 2014).
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Data Repository Figures captions

Figure DR1 A-B: Volatile element zonation in lunar (sample 12039,42 grain 12 from Boyce
et al., 2014) and terrestrial (Mina Carmen; this study) apatite. Both apatite samples show a
systematic increase in S and Cl, and decrease in F, from core to rim (lunar) and proximity to a
(formerly) volatile bearing cavities (terrestrial; see Figure 2B). Greenwood et al. (2011) reported
S contents of the apatite core as below their (unpublished) limit of detection (l.0.d); we calculated
a limit of detection of <200 pg/g S based on their reported analytical conditions (solid gray line).
Symbols: Square: Mina Carmen apatite (IOA deposit, Chile); circles: lunar apatite data
(Greenwood et al., 2011); semi-filled circle/square below limit of detection for S: ~30 pg/g S
(solid gray line; Mina Carmen) and <200 ug/g S (solid gray line); open circles: data excluded by

Boyce et al. (2014; see DR Section 3.1). Errors bars: 26 (some smaller than symbol size).

Figure DR2 A-B: Images of terrestrial and lunar apatite. (A) High-contrast backscattered

electron (BSE) images of lunar sample 12039,42 apatite grain 9 (note: different apatite grain than
in Figure 1; BSE image modified from Greenwood et al., 2011). (B) BSE image of Mina Carmen
apatite; scale bar in (B) is 100 um. The potential volatile pathways (Nadeau et al., 2010; red
dotted lines) that crosscut the apatite grain in (A) and radiate from the fluid/vapor cavity in (B)
coupled with, incompatible element enriched apatite rims (A) and the presence of monazite (Mnz)

inclusions (B; Harlov, 2015) infer volatile-induced metasomatic alteration of apatite.
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Figure DR3: X-ray fluorescence (XRF) map of apatite from Mina Carmen (Treloar and
Colley, 1996). The F-CI-S contents measured along the EPMA transect are reported in DR Figure
1B and DR Table 2.4. The appearance of the map is biased by the 45° angle of the incoming

beam; i.e., areas on the right side of the cavity appear overexposed. Scale bar represents 30 pm.
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