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ARTICLE INFO ABSTRACT
Keywords: We present a refined approach for acquiring sulfur (S) isotope compositions (33S/%2S, 34S/%2S) in apatite by
Sulfur isotopes in apatite secondary ion mass spectrometry (SIMS), including the characterisation of new reference materials. In order to

SIMS sulfur isotope analysis

Multiple S isotope analysis in apatite

Tracing S in the crust

New reference material for S isotope analysis in
apatite

test the method, we analyzed potential apatite reference samples for their S isotope ratios via three different bulk
methods. The investigated apatite samples contain S concentrations between ~160 pg/g and 3100 pg/g and their
34g,32g (8348) ratios deviate by more than 25%o from the Vienna-Canyon Diablo Troilite (VCDT) standard. We
identified four candidates as new primary reference materials for routine SIMS S isotope measurements of
apatite. Based on ICP-MS, EA-IRMS, and fluorination analyses, recommended S isotope values are +12.27+ 0.22
(20) %o 534S for SAP1, +14.02 + 0.22 (26) %o 5°*S for Bigl, —1.06 =+ 0.80 (26) %o 534S for Durango-A, and —1.39
=+ 0.48 (20) %o for Durango-B. By selecting one of those four primary standards for SIMS analysis, the S isotope
values of the other reference materials and additional tested apatite specimens can be reproduced to within 1%o.
Under optimized SIMS conditions, single spot uncertainty for 5%4S that combines the within-spot precision and
the repeatability of measurements of the primary apatite reference material during an analytical session is
+0.4%o (95% CI). We also show that in apatite with S > 1000 pg/g, SIMS analysis permits the detection of mass-
independent S isotope signatures (i.e., A33S) that are larger than ~1.0%o if an average of multiple grains is used,
and larger than ~1.5%o for a single analytical point. Furthermore, our study shows that apatite can record S
isotope signatures from extremely diverse environments, making this near-ubiquitous mineral a key candidate
for tracing S source reservoirs and to track the pathway of magmatic-hydrothermal fluids in a wide range of
geological settings.

1. Introduction and the redox budget of the mantle (Evans, 2012). Sulfur isotope ana-
lyses in bulk rock samples, sulfide and sulfate minerals, have signifi-

Sulfur has a key role within many first order planetary processes, cantly improved our understanding of these processes (e.g., Chaussidon
such as development and evolution of life, core-mantle differentiation et al., 1989; Farquhar et al., 2000, 2002; Hattori and Keith, 2001; Far-
(Labidi et al., 2016), the development of Earth’s atmosphere (Canfield, quhar and Wing, 2003; Ono et al., 2006; Kozdon et al., 2010; Ushikubo
2004), the formation of ore-deposits (e.g., Benning and Seward, 1996), et al., 2014; Marin-Carbonne et al., 2020), especially as S isotopes
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exhibit variations due to both mass dependent and mass independent
fractionation. The former is expressed as 534S, which is the deviation in
parts per thousand (%o0) of the 345,323 ratio relative to the Vienna
Canyon Diablo Troilite (VCDT) standard. In contrast, mass independent
S isotope fractionation (MIF, reported as A33S or A3°S) represents the
deviations of the 33S/323 (A33S) and 36s/32s (A%S) ratios from the
normal mass dependent relationship.

The strength of the S isotope tracer is that relatively large mass
dependent isotope fractionation occurs in Earth’s surface environments
and during biological metabolisms. As a consequence, different reser-
voirs, such as Earth’s mantle (6343 ~ 0%o) or modern seawater (6345 of
around +20%o), have distinct S isotope compositions (Fig. 1). Sulfur
isotope studies can therefore trace S sources (i.e., S-bearing fluids) to
constrain and understand S transfer between the deep Earth, its surface
environments, and the biosphere. The anomalous S isotope signatures
produced by mass independent fractionation are important for tracing
the history of the oxygenation of the Earth’s atmosphere (Farquhar
etal., 2000, 2010) and for tracking ancient S reservoirs in the deep Earth
(e.g., Delavault et al., 2016). The advantage of high spatial resolution
SIMS analyses compared to bulk mineral S isotope measurements is that
the textural context of the S-bearing phases in the rock can be retained.
Different generations of S-bearing fluid-rock interaction can be resolved
within a sample or even within a single mineral on a micrometer scale,
for example, to distinguish between open and closed systems and
different fluid sources in subduction zones (Evans et al., 2014; Giaco-
metti et al., 2014), or to track the change of sulfide precipitation from a
high temperature vapor phase to a low temperature liquid fluid phase (e.
g., Tanner et al., 2016).

While sulfides and sulfates are the most routinely analyzed minerals
for S isotope ratios on a sub-mineral scale (e.g., Whitehouse, 2013;
LaFlamme et al., 2016; Magnall et al., 2016), other S-bearing minerals,
such as scapolite or apatite, are promising for constraining S sources and
S cycling in a wide range of rock types (Hammerli et al., 2017; Economos
et al., 2017). The mineral apatite, with the general stoichiometric for-
mula of Cas(PO4)3(F,Cl,OH), has particular utility for S isotope quanti-
fication because it can host S as a minor element, is near ubiquitous in
crustal rocks, and also occurs in extraterrestrial materials (e.g., Boyce
et al., 2010; McCubbin and Jones, 2015 and references therein).

The crystallization of sulfur-rich apatite, which can concentrate
several thousands of pg/g sulfur in its crystal lattice, is generally
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Fig. 1. Sulfur isotope signatures in different terrestrial reservoirs. Marine sul-
fates/sedimentary pyrite: Farquhar et al. (2010) and references therein. OIBs:
Sakai et al. (1984); Torssander (1989); Chaussidon et al. (1989); Cabral et al.
(2013). MORBSs: Kanehira et al. (1973); Sakai et al. (1984); Labidi et al. (2012,
2013). Lower continental crust: Hammerli et al. (2017). Mantle xenoliths:
Chaussidon et al. (1989); Chaussidon & Lorand (1990); Kyser (1990); Ionov
et al. (1992); Wilson et al. (1996). Arc Volcanics: Ueda and Sakai (1984); Alt
et al. (1993); Woodhead et al. (1987); de Hoog et al. (2001), Marini et al.
(2011). Continental tholeiites: Schneider (1970). Continental alkali-rich rocks:
Schneider (1970), Harmon et al. (1987).
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attributed to relatively oxidizing conditions, where S is incorporated as
s+, for example, via the following proposed substitutions (e.g., Parat
et al., 2011a, 2011b; Konecke et al., 2019 and references therein):

PO + Ca®" < SO + Na'
Ca®" +2P04> & 2S04> +[ ]

2P0O4> ¢ SO4* + SiO4*

However, recent studies have suggested that S can also be incorpo-
rated in its reduced form (S%7) (Konecke et al., 2017, 2019; Brounce
et al., 2019; Sadove et al., 2019), which means that apatite might not
only be a useful mineral for tracing the source of oxidized fluids, but also
for tracing S sources in reduced settings. Another benefit of determining
S isotopes in apatite is that the S isotope signature may be linked with U-
Pb age constraints of apatite; hence, fluid-rock interaction might be
resolved temporally.

Economos et al. (2017) first described the method of in situ SIMS S
isotope (325 and 34S to determine 534S values) analyses in apatite by
using Durango apatite as their internal reference material. Their study
showed that significant isotope variations of up to 6%o in §>*S can be
archived within individual apatite grains. However, one of the remain-
ing limiting factors for routine S isotope analyses in apatite minerals is
the lack of additional reference material to monitor the accuracy of the
results. This is ideally achieved via several well-characterized apatite
samples that cover a large range of S concentrations and S isotope ratios.

In this study, we isotopically characterize and test several apatite
samples for their suitability as S isotope standards via three different
bulk methods and multiple SIMS sessions. The studied samples contain
between ~0.04wt% SO3 (~160 pg/g S) and 0.78 wt% SO3 (~3100 pg/g
S) and have 534S signatures that range over more than 25%o. Pushing the
analytical boundaries further, we explore the possibility of adding a
third S isotope (33S) to the analytical routine, essential for identifying
anomalous S isotope signatures suggestive of mass independent
fractionation.

2. Materials

A total of eight apatite crystals were analyzed for their compositions
and S isotope ratios (see section below). Three samples were obtained
from the collection of the Natural History Museum Bern, Switzerland
(NMBE): Hormuz apatite (NMBE B6634), collected in 1958 from the salt
Diapir that is described in Hurford et al., 1984; Durango-B apatite, Cerro
de Mercado, Mexico (NMBE A230); Madagascar (Mdg-1) apatite (NMBE
40865) from Milanoa, Madagascar. A second Durango apatite, named
Durango-A, originates from the same collection as the one used in the
study by Boehnke et al. (2018) for Sr isotope analysis. Four gemstone
quality apatite crystals were purchased from online vendors (Bigl,
SAP1, SAP2, SAP3) and all of them originate also from Madagascar ac-
cording to the retailer. All analyzed crystals are clear and devoid of in-
clusions. Their sizes range from ~1 to ~2 cm in length.

3. Analytical methods
3.1. Sample preparation

For euhedral crystals, such as Durango A, Durango B, and Big1, slices
of the minerals were cut along, and perpendicular to their C-axis and
embedded in 1-in. epoxy mounts. Equal parts of the specimens were then
used for bulk analyses (see section 3.3). For non-euhedral minerals, the
grains were cut in roughly two halves. One half was embedded in epoxy
whereas parts of the other half were used for bulk analyses and smaller
pieces were embedded in epoxy mounts together with the rest of the
studied apatite grains. In addition, a total of 6 epoxy mounts, each
containing several fragments of the respective apatite samples with
random crystal orientations relative to the c-axis, were prepared. In the
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case of samples SAP1, SAP3, and Bigl, >20 individual crystal fragments
were mounted in epoxy to further test their homogeneity, in addition to
transect analyses. All samples were placed in the central 10 mm of the
mount to prevent sample location effects during SIMS analyses (Kita
et al., 2011), and subsequently polished stepwise starting from 6 down
to 1 pm diamond paste.

3.2. Electron Probe Micro-Analysis (EPMA)

The concentrations of major (Ca, P, Si, F, Cl) and minor elements
(Mn, Mg, Fe, Na, S) in the apatite samples were determined via electron
probe microanalysis (EPMA) using a JEOL JXA 8200 superprobe at the
Institute of Geological Sciences, University of Bern, Switzerland. The
analytical potential was set at 15 kV and 10 nA beam current. Counting
times were 10 s on peak and 20 s on background for each element, be-
sides for S, which was counted for 30 s on peak. The data were processed
using ZAF corrections and standardized via in-house standards (apatite
for P05 and CaO, magnetite for FeO, celestine for SOs, topaz for F,
orthoclase for SiOs, tugtupite for Cl, forsterite for Mg, albite for Na, and
spessartine for MnO). The stoichiometry of the unknowns was calculated
according to Ketcham (2015).

3.3. Bulk sulfur isotope analyses

Bulk analyses of the eight potential new apatite reference materials
were performed via three different methods. SAP1, SAP2, and Bigl were
analyzed via the fluorination method at Tokyo Institute of Technology
(Japan) and by solution multi-collector inductively coupled mass spec-
trometry (MC-ICP-MS) analyses at the Universities of Geneva and Bern
(Switzerland). Durango-A and Durango-B were analyzed by elemental
analysis-isotope ratio mass spectrometry (EA-IRMS) at the University of
Lausanne (Switzerland), whereas Durango-B was also measured via so-
lution MC-ICP-MS analyses. Hormuz, SAP3, and Mdg-1 apatite were
analyzed via solution MC-ICP-MS. Mass-dependent S isotope composi-
tions are reported throughout this manuscript in the delta-notation, as
per mil (%o) deviation in the 3%5,/32g ratio from the VCDT reference, with
33 being 335 (5°35), 3*s (53*S) or 305 (5%6S).

3.3.1. Multiple sulfur isotope analysis by the fluorination method
Multiple sulfur isotope analyses (32s, 33, 34g, 369) for three bulk
apatite samples (SAP1, SAP2, and Bigl) were conducted by the fluori-
nation method (Ueno et al., 2015) at Tokyo Institute of Technology.
First, powder aliquots of the bulk apatite samples were rinsed with 10 wt
% NaCl water for 24h in order to remove water soluble sulfate not
included in the apatite crystal lattice. The samples were then filtered
through a glass fiber filter (0.3 pm). To ensure the complete removal of
the soluble sulfate other than apatite, 1 mL of 1 M BaCl; was added into
the remaining solution to monitor BaSO4 precipitate from gypsum and
anhydrite. The rinse was repeated twice to ensure that there was no
BaSO, precipitate. Subsequently, the rinsed apatite sample was further
washed with pure acetone for 24 h to remove, if present, any elemental
sulfur (e.g., as a result of oxidation of pyrite micro-inclusions contained
in the sample). After the treatments with NaCl, BaCl, and acetone, the
washed apatite sample was digested with 6 M HCI to extract sulfate in
apatite. The solution was titrated with a NaOH solution to pH 2-3, and
following this step, a 1 M BaCl, solution was added to precipitate the
dissolved sulfate as BaSO4. After 12 h, the BaSO4 was filtered, further
rinsed with pure acetone, and then dried overnight. Afterwards, the
BaSO4 was converted into H,S by using tin(II) phosphate solution at 350
°C under a Nj stream (Kiba et al., 1955). The HyS gas was then intro-
duced into an AgNOs solution and converted to Ag,S. The AgsS was
rinsed with distilled water and dried in an oven at 90 °C overnight.
Quadruple sulfur isotope analysis was carried out by a flash fluori-
nation method (Ueno et al., 2015). The AgsS samples and CoF3 were
wrapped in a thin foil that consists of iron-nickel-cobalt alloy (Pyrofoil)
with a 590 °C Curie-point temperature. The sample was heated for 3 s by
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a Curie-point pyrolyzer (JHP-22, Japan Analytical Industry Co., Ltd.) to
convert the Ag,S into SFe. Product SFg was first collected in a cold trap at
—196 °C for removing non-condensable gasses including F5. Then, HF
and other byproducts were removed by a second cold trap maintained at
—90 °C. The pre-treated SF¢ was further purified by gas chromatography
(Shimazu GC8A) equipped with the first 4 m column packed with
Porapack-Q (1/8” OD, 80-100 mesh) connected with the second 3 m
Molecular Sieves 5A column (1/8” OD, 60-80 mesh) at 50 °C oven
temperature and a 25 mL/min He flow rate. Purified SFg was introduced
into a mass spectrometer (Thermo Fisher Scientific, MAT253) and
abundances of 32SF, 33sFd, 3*SF¢ and 3°SFZ were measured in a dual
inlet mode.
Sulfur isotopic compositions are reported as:

8348 = (34Rsamp]c/34RVCDT_1) (€8]
33 33 33 34 34 0.515

AVS = [ Rsamplc/ RVCDT_( Rsamp]c/ RVCDT) } (@3]
.90

A%s = |:36Rsamp]e/36RVCDT_(34Rsamp]e/34RVCDT) : } (3)

where 33R, 34R, and °R represent 33S/325, 345,323 and 36s/3%s ratios,
respectively. All delta values (in per mil, %o) were calibrated against the
VCDT scale using the IAEA-S1 standard (5°*S = —0.30%c, A%3S =
+0.100%0, A36S = —0.91%o; Ding et al.,, 2001; Ono et al.,, 2006).
Analytical precision determined by replicate analysis of the sample and
the standard is better than +0.24%. (2 standard error (SE)) for 6348,
+0.12%0 (2SE) for 838, +0.01%o (2SE) for A*3S, and + 0.24%. (2SE) for
A3®S (see supplementary table A-1).

3.3.2. Elemental analysis — Isotope ratio mass spectrometry (EA-IRMS)

To determine the bulk apatite 5>*S value by EA-IRMS, aliquots of the
apatite crystals were first completely digested in distilled 3 M HCl at 80
°C for a day and then mixed with concentrated BaCl, solution to pre-
cipitate the S in the form of barium sulphate (BaSO4) (Benmore et al.,
1983; Shields et al., 1999). The BaSO4 was then removed from the
sample solution by centrifugation and washed three times with MilliQ
water to remove leftover acid and coprecipitate BaCl,. The dried BaSO4
was analyzed for their S isotope compositions at the University of Lau-
sanne with a Carlo Erba 1108 elemental analysis system (EA, Fisons
Instruments, Milan, Italy) connected to a Thermo Fisher Scientific
(Bremen, Germany) Delta V Plus isotope ratio mass spectrometry device
(IRMS) following the protocol of Spangenberg et al. (2010). A 3-point
calibration with three international reference materials using the
currently recommended values after Brand et al. (2014) was performed:
NBS-127 (63S = 4+21.12 + 0.22%o), IAEA-SO-5 (5>*S = +0.49 + 0.11%)
and JAEA-SO-6 (5%%S = —34.05 = 0.08%). Phosphate geostandard BCR-
32 (lot nr.1562) was processed together with the samples and yielded a
534S value of +20.2 & 0.8 (2SD, n = 4). This is identical within the 2-
sigma error but on average slightly higher than the published value of
+18.8 + 1.0%o0 (2SD) by Goedert et al. (2016). Consequently, we esti-
mate the uncertainties for analyses of the apatite samples from repeated
analyses of standard reference material BCR-32 of +0.8%o. BCR-32 is not
a certified S isotope standard and different batches/lot numbers of this
material might have slightly different S isotope compositions. Unfortu-
nately, we were not able to obtain a sample aliquot from the same batch
used by Goedert et al. (2016).

3.3.3. MC-ICP-MS

To determine the S isotope composition by the fluorination method
or EA-IRMS, ideally more than 1 mg of BaSO4 has to be available for the
analysis. However, obtaining this amount of BaSO4 from apatites of low
S concentrations, such as Mdg-1 (~160 pg/g) and Hormuz (~280 pg/g)
was not achievable with the amount of material we had available. We
therefore analyzed the S isotope composition of apatite samples Mdg-1,
Hormuz and also SAP1, SAP2, SAP3, Bigl, and Durango-B by a Thermo-
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Scientific Neptune MC-ICP-MS at the Universities of Geneva and Bern in
solution mode. As with S isotope analyses using EA-IRMS, aliquots of the
apatite crystals were completely dissolved in 3 M HCl, then mixed with
concentrated BaCl, solution to precipitate BaSO4, which was then iso-
lated and purified by centrifuge. BaSO4 was then leached for 24 hin1 M
HNOs. The leachate was subsequently diluted with 0.3 M HNOg in order
to obtain S concentrations that generate around 10 V for the 325 signal
on the Neptune MC-ICP-MS (relative to a 10! Q resistor). The phosphate
geostandard BCR-32 was prepared in the same way as the apatite sam-
ples. As the bracketing standard and as a secondary standard, we used
the barite sulfur isotope reference materials NBS-127 and IAEA-SO-5,
respectively. Both of these standards were also leached in 1 M HNO3
and subsequently diluted prior to analyses by MC-ICP-MS. This
approach ensured matrix matching between samples and bracketing
standards.

The S isotope composition was then analyzed using a Neptune MC-
ICP-MS, simultaneously measuring the masses 32, 33, and 34 in
faraday cups. As all of the isotopes are affected by polyatomic in-
terferences (e.g., 160, and 170, on 35 and *S), the measurements were
performed in high-resolution mode on the interference-free peak
shoulders. For the interface, X skimmer and Jet sampler cones were
used, and the sample was introduced with an Aridus II desolvating
nebulizer system. Data reduction included an on-peak zero baseline
correction and instrumental isotope fractionation was corrected for with
the sample-standard bracketing method using barite reference material
NBS-127 as standard. With this method, barite reference material IAEA-
SO-5 and phosphate BCR-32 yielded 534S values of +0.7 + 0.4%o (2SD)
(n = 6) and +20.8 4+ 0.6%o (2SD) (n = 5). The value obtained for IAEA-
SO-5 agrees with the recommended value (i.e. +0.49%o, Brand et al.,
2014) and the value obtained for BCR-32 agrees with that measured by
EA-IRMS (see above and supplementary table A-2). All the samples were
measured 2 to 4 times from the same sample aliquot. Uncertainties are
best estimated by the 2SD of the secondary standards BCR-32 and IAEA-
SO-05, which is +0.6%o for 5243 values and + 0.3%o for 5°°S values (n =
11).

3.3.4. SIMS analysis

Eight different apatite specimens were tested for their isotopic ho-
mogeneity in two different SIMS laboratories. The slightly different
instrumentation set-ups in the two laboratories allowed for a robust
testing of the suitability of reference material for routine SIMS analyses.
For example, at the Centre for Microscopy, Characterisation and Anal-
ysis (CMCA) at the University of Western Australia (UWA), S isotopes
were measured via two Faraday cups (FC) for 325 and 3*S and an electron
multiplier (EM) for 23S, while at the SwissSIMS facility one FC (32S) and
one EM (3*S) was used, the latter allowing the detection of 345 in apatite
specimens with low S contents (Hormuz, Mdg-1) (see below). Several
different mounts were prepared, some of which contained large pieces of
the individual specimens for testing their homogeneity via transects,
while other mounts contained several fragments of all samples or a
subset of the eight samples (see section 2). A total of 17 sessions were
conducted in which the different apatite specimens were analyzed for
their S isotope composition (see Table A-3 for all SIMS data and Table A-
4 for a summary of each session). In each session, besides the sessions
during which the homogeneity of large fragments was tested (see section
4.3.3), several fragments of different apatite specimens were repeatedly
analyzed in order to test the reproducibility and accuracy of measuring S
via SIMS in the respective apatite specimens.

At CMCA, sulfur isotope (325, 335 and 3*S) analyses were performed
using a CAMECA IMS1280. Resin mounts were carefully cleaned with
detergent, ethanol and distilled water and then coated with 20 nm-thick
Au. The sample surface was sputtered over a 15 x 15 pm area with a 10
kV, Gaussian Cst beam with intensity of ~1-3 nA and total impact
energy of 20 keV. A normal incidence electron flood gun was used for
charge compensation.

Secondary S~ ions were admitted to the double focusing mass
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spectrometer within a 90 pm entrance slit and focused in the center of a
3000 pm field aperture (x 130 magnification). Energy filtering was
applied using a 30 eV band pass with a 5 eV gap toward the high-energy
side. The isotopes 325, 335 and 3*S were simultaneously measured with
two Faraday Cups using amplifiers with 10! @ (L1 and H2), and a low-
noise ion counting electron multiplier (EM on C). Multicollection de-
tectors operated at a mass resolution of ~4300, which is sufficient to
resolve isobaric interferences 325 from 3!P'H as well as S from 32S'H
(Fig. 2). The magnetic field was regulated using NMR control. Each
analysis included pre-sputtering over a 20 x 20 pm area during 60s and
the automatic centering of the secondary ions in the field aperture. Each
analysis then consisted of 30 four-second acquisition periods.

For the isotope homogeneity test of potential reference materials, the
stability of the instrument and external precision were monitored using
arestricted area (~200 x 100 pm) within a single grain of apatite and by
repeating the measurements in this area every five to ten analyses,
which targeted other areas of the grain. For accuracy tests, we used
apatite samples with a known bulk S isotope composition (see section
4.2) to correct for drift, monitor external standard reproducibility and
correct for instrumental mass fractionation. Instrumental drift was cor-
rected via linear functions (see Table A-3).

Sulfur isotope analyses were also performed at the SwissSIMS facil-
ity, on a Cameca 1280HR instrument housed at the University of Lau-
sanne. Sulfur isotopes (32 and 34S) were measured as S~ ions, formed by
the interaction of a ~ 2-3 nA, 133Cs™ primary beam with the sample
surface, rastered over a 15 x 15 pm area. The primary beam was
accelerated at +10 kV, which resulted in an impact energy of 20 keV on
the target surface. The epoxy mounts were cleaned with ethanol, stored
in the oven at 50 °C and then coated with a ~ 35 nm Au layer prior to
analysis. An electron gun produced low energy electrons that flooded
the target area of the Cs + beam in order to avoid charging during the
analyses. An entrance slit of 77 pm was used, which focused the sec-
ondary ions in the center of a 5000 pm field aperture. The transmission
used (MAS80) resulted in a field of view of 50 pm. Energy filtering was
applied using a 50 eV band pass with a 5 eV gap toward the high-energy
side. The 32S isotope was measured through a Faraday cup using am-
plifiers with 10 Q (1°2) and simultaneously, the 345 was measured via
a low-noise ion counting electron multiplier (EM on H2). Multicollection
detector exit slits allowed a mass resolution of ~4300. The magnetic
field was regulated using nuclear magnetic resonance (NMR) control.
Each analysis included pre-sputtering over a 15 x 15 pm area during 90s
and the automatic centering of the secondary ions in the field aperture,
followed by 50 cycles of six seconds acquisition.

1E+08

328 160

2
1E+07
31p1
34 P'H
1E+06 S

L1

1E+05

1E+04

CPS

1E+03

H2

1E+02

3g1H
1E+01

1E+00 C
1338000 1338200

1338400 1338600
BField

1338800 1339000

Fig. 2. Magnetic field (B-Field) scan in apatite at a mass resolution of 4300 vs.
counts shows the resolution of the interferences on S isotopes. L1, H2, and C
refer to the detectors on which the signals were measured.
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For the isotope homogeneity test of the potential reference materials,
the stability of the instrument and external precision were monitored by
repeat analysis of a small area (~200 x 100 pm) within a single grain of
Durango (A or B) apatite. This area was analyzed after every four to ten
sample analyses. Accuracy tests and drift corrections were similar to
those performed at CMCA, besides for one session (see suppl. Material
Table A-3) in which a non-linear drift correction was employed.

4. Results
4.1. Major and minor element composition of apatite (EPMA)

Average compositions of the studied apatite determined by EPMA
are shown in Table 1. Major element compositions in the analyzed
apatite samples range from ~52.9 to 55.9 wt% CaO, ~40.1 to ~42.4 wt
% P20s, and from 2.0 to 4.0 wt% F. Chlorine contents are lower and vary
from 0.15 to 0.54 wt% between the individual apatite samples, while
average FeO and MnO contents are <0.05 wt% and < 0.08 wt%,
respectively. Hormuz apatite contains the highest Na;O content (~0.55
wt%), followed by Durango apatites (~0.2 wt%). The other samples
contain low (< 0.07 wt%) NayO contents. The F-rich apatite specimens
(SAP1, SAP2, SAP3, Bigl) are devoid of OH, according to stoichiometric
constraints (Table 1). The highest estimated OH concentration (~1.56
wt% OH) was found in Mdg-1 apatite. The measured SO3 content in the
eight apatite specimens span from 0.04 wt% in Mdg-1 apatite to 0.78 wt
% in SAP2. Except for Hormuz apatite, the SiO5 contents (0.02 to 0.83 wt
%) correlate positively with SO3 concentrations (Fig. 3A). Sulfate and
SiO5 contents, the latter not shown in Fig. 3, increase with decreasing
P,0s5 contents in apatite — again with the exception of Hormuz apatite.

Table 1
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These correlations suggest that S and Si are incorporated in apatite at the
expense of P, for example via the following substitution (see Pan and
Fleet, 2002 for more details on substitutions):

2P04> < S04 + Si04*

In the case of Hormuz apatite, a different substitution mechanism
evidently led to the elevated SiOy content (Fig. 3). Hormuz apatite
contains significant amounts of other trace elements, such up to ~2 wt%
of REEs (Faramarzi et al., 2019, Hammerli unpublished data), bringing
the total oxides to 100% when combined with our EPMA data (Table 1).
It follows that coupled substitutions of REE and SiO5 for other minor and
major elements may explain the relatively high SiO, content in Hormuz
apatite, despite this being S-poor (see Pan and Fleet, 2002).

4.2. Bulk S isotope analyses

4.2.1. Fluorination

Bulk analysis of SAP1 returned 5°3S = +6.33 & 0.12%0 (2SE), §°*S =
+12.26 + 0.24%0 (2SE) and 5°°S = +23.12 + 0.37%0 (2SE) (Table 2,
Table A-1). Sulfur isotope values of sample SAP2 were 5°°S = +6.38 +
0.12%o (2SE), 8%*S = +12.36 + 0.24%0 (2SE) and &%°S = 4+23.37 +
0.37%o (2SE). Isotope ratios determined for Bigl are 5338 = 17.25 +
0.12%o (2SE), 8>S = +14.07 + 0.24%0 (2SE), and §°°S = +26.54 +
0.37%o (2SE). Calculated A33S for the three samples is close to 0 (Table
A-1), as suggested in Fig. 4 where 5°° and 5*S follow the expected mass
dependent fractionation line (Hulston and Thode, 1965).

4.2.2. EA-IRMS
The sulfur isotope value (8%*s) of Durango-A measured by EA-IRMS

Average values of EPMA measurements of apatite. Uncertainties are show as the standard deviation of the performed analyses of each sample. The stoichiometries and

OH contents are calculated according to Ketcham (2015).

SAP1 SAP2 SAP3 Bigl Hormuz Mdg-1 Durango-A Durango-B
(n=20) (n=20) (n=20) (n=20) (n=20) (n=25) (n=21) (n=20)
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
CaO (wt%) 55.63 0.19 55.93 0.14  55.69 0.25 55.80 0.25 52.93 0.19 56.13 0.31 54.97 0.25 55.52 0.21
Na,O 0.07 0.02 0.04 0.02  0.05 0.02 0.05 0.02 0.55 0.03  0.02 0.02 0.22 0.03 0.19 0.03
MnO 0.03 0.01 0.02 0.01 0.01 0.09 0.02 0.01 0.00 0.01 0.08 0.01 0.01 0.01 0.01 0.01
FeO 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.04 0.02 0.05 0.02 0.02 0.02 0.03 0.02
MgO 0.01 0.01  0.00 0.00 0.01 0.01 0.01 0.01 0.04 0.01  0.02 0.02 0.01 0.01  0.02 0.01
SOz 0.55 0.03 0.78 0.04 0.59 0.03 0.75 0.02  0.07 0.01 0.04 0.01 0.31 0.05 0.29 0.02
P,0s 40.47 0.53  40.30 0.26  40.55 0.29  40.05 0.24  40.67 0.30 42.38 0.59 41.41 0.21 41.71 0.24
SiOy 0.62 0.04 0.95 0.04 0.74 0.02 0.83 0.07  0.40 0.02  0.02 0.01 0.33 0.02 0.34 0.02
F 3.89 0.15 3.97 0.30 3.74 0.29 3.86 0.19 3.22 0.14 1.98 0.08 3.47 0.12 3.46 0.30
Cl 0.26 0.01 0.16 0.01 0.15 0.01 0.15 0.01 0.54 0.01 0.07 0.01 0.40 0.05 0.44 0.01
Totals: 101.54 0.59 102.16 0.42 101.53 0.49 101.53 0.40 98.47 0.39 100.79 0.67 101.17 0.35 102.02 0.44
-0O(F) 1.64 1.67 1.57 1.62 1.36 0.83 1.46 1.46
-0(Ch 0.06 0.04 0.03 0.03 0.12 0.02 0.09 0.10
Corr. Tot. 99.84 100.45 99.93 99.87 96.99 99.94 99.62 100.46
+est. OH wt% 0.13 1.56 0.05 0.07
Net Corr. Tot.  99.84 100.45 99.93 99.87 97.12 101.50 99.67 100.53
APFU Mean Mean Mean Mean Mean Mean Mean Mean
Ca 10.079 10.059 10.052 10.100 9.820 10.015 9.937 9.957
Na 0.024 0.013 0.016 0.018 0.183 0.006 0.073 0.061
Mn 0.004 0.003 0.001 0.003 0.001 0.011 0.001 0.001
Fe 0.003 0.001 0.001 0.001 0.006 0.007 0.003 0.004
Mg 0.001 0.000 0.002 0.002 0.011 0.005 0.003 0.004
S 0.069 0.098 0.075 0.095 0.009 0.005 0.040 0.037
> 10.180 10.174 10.148 10.219 10.030 10.050 10.057 10.065
P 5.793 5.727 5.784 5.728 5.961 5.975 5.915 5.911
Si 0.105 0.159 0.125 0.140 0.070 0.003 0.056 0.057
> 5.898 5.886 5.909 5.868 6.031 5.978 5.972 5.968
F 2.078 2.107 1.991 2.061 1.765 1.043 1.854 1.832
Cl 0.073 0.046 0.043 0.044 0.157 0.020 0.114 0.124
OH 0.078 0.937 0.032 0.043
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Fig. 3. A) Average SiO, (Wt%) vs. SO3 (wt%) content of the analyzed apatites.
The SiO, and SO3 contents of the apatites are positively and linearly correlated.
The exception is Hormuz apatite which does not plot on the linear regression
(R? = 0.99). B) SO5 and P,0s are negatively correlated but also form a linear
regression (R? = 0.95). Hormuz apatite plots outside the linear correlation (see
text for more details), likely due to a significant amount of incorporated REE.

is —1.06 =+ 0.80%o (2SD), which is slightly higher than the §°*S value
obtained by the same method for the Durango-B sample (—1.31 +
0.80%o, 2SD) (Table 2).

4.2.3. MC-ICP-MS

The measured S isotope composition of apatite samples SAP1, SAP2,
SAP3, Bigl, Durango-B, and Mdg-1 are shown in Table 2. The &3S
values for SAP1, SAP2, SAP3, and Bigl range from around +12.3 to
around +13.7%o, while Durango-B retuned a %S value of —1.44 +
0.60%o (2SD). Hormuz apatite contains a 534S value of +25.78 + 0.60%o
and analysis of Mdg-1 apatite returned +1.42 & 0.60%o. 5°°S numbers
for SAP1, SAP2, SAP3, and Big1 range from 6 to 7%o (Table 2). Durango-
B returned a 5°3S value of —0.88 + 0.30%o and Hormuz apatite and Mdg-
1 apatite contain 5°°S values of +13.19 + 0.30%o and 0.64 + 0.30%o,

Table 2

Chemical Geology 579 (2021) 120242

16
14} O/
—~ BCR-32 e
= 12} L
)] o
(>J 10
& -~ MC-ICP-MS
8 P
> ép/ @ SAP1 @ Hormuz
@ i
L 5! Q\\(\ L @ SAP2 @ Mdg-1
~ \®) 6’\6,’ @ SAP3 @ Durango-A
w 4 b Q//Q'// OBigt O Durango-B
8oo * Fluorination
2t @ sap1 O Bigt
- -SO- O sAP2
o @~ 1nEASOS | |
5 O 5 10 15 20 25 30

2 8%S (%o vs.VCDT)

Fig. 4. Plot of 5°*S vs. §°S in of the apatite samples analyzed by the fluori-
nation method (diamond symbols) and MC-ICP-MS (round symbols). Note that
all samples, including the BCR-32 and IAEA-SO-5 standards fall on the expected
MDF line (Hulston and Thode, 1965).

respectively. The S isotope ratios determined by MC-ICP-MS follow the
MDF line (Fig. 4); these results reflect the accuracy of data produced by
the MC-ICP-MS method.

4.3. S isotope analyses by SIMS

4.3.1. S concentration in apatite vs. SIMS counts

The eight apatite samples were measured in a total of seventeen
analytical sessions (Tables 3-5) and all analyses can be found in the
supplementary Table A-3. The relative S isotope count rates between the
sample with the highest (SAP2) and lowest (Mdg-1) S concentration
differ by a factor of ~20. SIMS S count rates on mass 32 (32S), shown as
yield (cps/beam intensity), are in excellent agreement with the SOg
contents determined by EPMA over a large range of S contents of apatite
(Fig. 5).

4.3.2. Sulfur isotope homogeneity

We tested the individual apatite samples for their isotope homoge-
neity via SIMS measurements along transects across the embedded
grains. In the case of euhedral crystals (Bigl, Durango-A, Durango-B),
we conducted transects along the different crystallographic axes (see
sections 4.3.3 and Fig. 6). For specimens for which the crystallographic
orientation could not be determined optically (SAP1, SAP3, Mdg-1),
analyses were performed along transects of randomly orientated large

Mean S concentrations in the studied samples and S isotope ratios (%o vs. VCDT) of bulk measurements and simple mean values of all SIMS measurements shown in
Fig. 8. *For the samples, for which different methods were employed to determine bulk grain values, the mean bulk values are the error-weighted means at 95%
confidence intervals.

EPMA Fluorination MC-ICP-MS EA-IRMS Mean Bulk®*  Mean SIMS Fluorination MC-ICP-MS Mean Bulk*  SIMS

S (ug/g) 534S (%0) 534S (%0) 534S (%0) 84S (%0) 84S (%0) 533 (%0) 533 (%0) 533 (%0) 533 (%0)

(2SD) (2SE) (2SD) (2SD) (2SD) (2SE) (2SD) (2SD)
SAP1 2202 £240 12.26 £0.24 12.30 + 0.60 12.27 £ 0.22 1252 +£0.89 6.33 £0.12 6.33+0.30 6.33+0.11 6.45+1.12
SAP2 3123 £320 12.36 +£0.24 13.05 + 0.60 12.46 £ 0.22 13.79 £0.53 6.38 £0.12 6.53+0.30 6.40+0.11 7.04 £+ 0.66
SAP3 2363 + 240 12.85 =+ 0.60 12.85 + 0.60 13.54 + 0.97 6.65+0.30 6.65+0.30 7.17 & 1.06
Bigl 3003 £160 14.07 +£0.24 13.68 + 0.60 14.02 £ 0.22 13.58 £0.70 7.25+0.12 7.03+0.30 7.22+0.11 6.85+0.71
Hormuz 280 + 80 25.78 + 0.60 25.78 £ 0.60 25.48 + 3.37 13.19+£0.30 13.19+0.30 12.78 +£2.12
Mdg-1 160 + 80 1.42 £+ 0.60 1.42+0.60 —0.50 + 2.46 0.64 +£0.30 0.64+030 —0.59+1.99
Durango-A 1241 + 400 —1.06 + 0.80 —1.06+0.80 —1.57 +£0.85 —0.82 £ 1.07
Durango-B 1161 + 160 —1.44+0.60 —-1.31+0.80 —-1.39+0.48 —1.60 +1.24 —0.88 +£0.30 —0.88+0.30 —0.54 £1.11
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crystal fragments. Transects across all analyzed samples yielded isoto-
pically homogeneous results, also evident from low (< 1.3) MSWD
values (Fig. 6). Except for the sessions where transects and/or large
fragments were analyzed, throughout each analytical session, the ana-
lyses were performed in several different fragments of each sample (see
section 4.3.4). Additionally, more than 20 individual fragments of
specimen SAP1, SAP3, and Bigl were analyzed to further test their S
isotope homogeneity. The results showed that all analyses were within
the analytical uncertainty (see also Fig. 8), confirming the results of the
transects.

4.3.3. Crystal orientation effect on instrumental mass fractionation
Crystallographic orientations can have significant impacts on the
instrumental mass fractionation of SIMS analyses (e.g., Taylor et al.,
2012). In order to test if the crystallographic orientation of apatite
affected the instrumental mass fractionation of S isotopes, we analyzed
three samples (Durango-A, Durango-B, and Bigl), along and perpen-
dicular to their crystallographic c-axis (Fig. 6). These transects also
served to assess the isotope homogeneity of the studied samples (see
section 4.3.2). A small area (~200 x 100 pm) of the respective grain was
repeatedly analyzed to monitor instrumental drift during the analyses
and was used accordingly for drift correction. Analyses of this small area
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were also used to to calculate the §>*S value of the individual analysis
(Fig. 6) via the weighted mean bulk values of the respective apatite
specimen (Table 2). Our results provide no evidence for any crystallo-
graphic influence on the instrumental mass fractionation of S isotopes
for the different samples. The means of the differently oriented grains
are indistinguishable for each respective sample, with mean square of
weighted deviates (MSWD) close to 1 (Fig. 6). This is a similar finding as
reported by Bruand et al. (2019) who did not observe a crystallographic
impact on SIMS oxygen isotope analyses in apatite.

4.3.4. Precision and accuracy

The internal precision of single spot S isotope analyses via SIMS
strongly correlates with counting statistics, which are directly related to
the S concentration of the sample. Our data show that internal un-
certainties (standard error of the mean cycle measurements during a
single analysis) of around +0.2%o (2SE) for the 34g,/32g isotope ratio
(5%4s) and ~ 0.5%0 for 5°3S can be achieved (Fig. 7). The external
reproducibility (standard deviation of the analyses of the reference
material during an analytical sessions) depends on the homogeneity of
the material and on external analytical factors, such as instrumental
drift, which in some cases needs to be corrected for. The external
reproducibility within individual sessions varies from around +0.3%o to
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Fig. 7. A) & B) Analytical uncertainties of 5>*S vs. 32S yields (count rates normalized by beam intensities) and %S vs. 32S yields by SIMS. Note the clear correlation
of lower uncertainties with increasing yields, which broadly reflect the S contents of the samples. The minimum analytical precision (2SE) achieved for §3*S is around
+0.2 %o and + 0.5 %o for 8°3S. C) & D) Combined (propagated) uncertainties include the single spot analytical precision added with the repeatability of the reference
material used for standardization in quadrature. The lowest propagated errors (2¢) achieved for 534S are around +0.4 %o (D) and around +0.7 %o for 5°3S. Note that
the smaller spread in the combined uncertainty for some of the samples is a result of multiple sessions in which the repeatability of the reference material is different.
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Table 3
Repeatability (2SD) of reference material (RM) during each analytical session.

5338 (%o vs. VCDT) 5%*S (%o vs. VCDT)

Session n RM Ref. Value 2SD Ref. Value 2SD
04.05.17 36 Bigl 7.22 0.58 14.02 0.72
17.10.17 19 SAP1 6.33 1.11 12.27 0.71
15.03.18 54 Bigl 7.22 0.79 14.02 0.49
01.06.18 17 SAP1 6.33 0.68 12.27 0.34
25.06.18 18 Durango-A —1.06 0.54
26.06.18 22 SAP2 6.40 0.47 12.46 0.63
31.08.19 16 SAP1 6.33 0.79 12.27 0.45
31.08.19 25 SAP1 6.33 0.71 12.27 0.45
31.08.19 8 SAP1 6.33 0.72 12.27 0.35
29.02.20 17 Durango-A —1.06 0.62
01.03.20 14 Durango-B —0.88 1.05 -1.39 0.53
01.07.20 16 SAP1 6.33 0.57 12.27 0.47
01.07.20 12 SAP3 6.65 0.52 12.85 0.51
09.01.18 10 Durango-A —1.06 0.95
10.01.18 22 Durango-A —1.06 0.57
29.05.18 27 Durango-B -1.39 0.44

+1.0%0 (2SD) for the 3*s/3%s isotope ratio (Table 3). This means that
single spot uncertainty for S isotope quantification, which is the com-
bined internal uncertainty with the external reproducibility of the pri-
mary apatite, summed in quadrature, is commonly controlled by the
repeatability (external reproducibility) of the reference material (see
Fig. 7). Single spot uncertainties as low as ~0.4%o (for 5%4S) and ~ 0.7%o
(for 8%3S) can be achieved in samples with >0.3 wt% SO3 (~1200 pg/g
S), which translate to a yield (cps/beam intensity) of >2 x 10° for 32s
(Fig. 7).

Based on transects of large mineral grains together with analyses of
>20 individual grains of the samples SAP1, SAP3, and Bigl, our results
suggest that apatite specimens SAP1, SAP3, Bigl, Durango-A, Durango-
B, and Mdg-1 have an internally consistent S isotope composition within
the respective analytical session. By using the weighted mean bulk S
isotope ratios of apatite SAP1, SAP3, Bigl, Durango-A, Durango-B, and
SAP2 as reference values (Table 2) to standardize S isotope analyses of
“unknowns” (i.e., any of the other seven apatite specimens tested in this
study), we were able to assess which apatite specimens were the most
reliable for reproducing the bulk S isotope values of the “unknowns”.
Our results, reported as simple means, show that by using SAP1, SAP3,
Bigl, Durango-A, and Durango-B apatite as reference materials, the bulk
S isotope values of the “unknowns” can be reproduced within uncer-
tainty (Fig. 8, Table 4). The exception is SAP2, whose bulk isotope values
could not be reproduced using any of the above apatite specimens as
reference material, resulting in a discrepancy of >1%o between SIMS and
bulk analyses (Fig. 8 and Table 4). It is therefore possible that the SAP2
apatite aliquot used for bulk analyses had a slightly different S isotope
composition than the material analyzed via the SIMS method. This
might also explain the discrepancy in the S isotope ratios produced by
the fluorination (8%*S = 12.34%0) and MC-ICP-MS methods (5*'S =
13.05%0). A further test for the reliability of the different reference
materials (RMs) are the MSWD values of the combined analyses (Fig. 8).
The MSWD values for analyses of SAP1, Bigl, and Durango-A are <1.7.
This, in combination with the average values of the “unknowns” (which
are for these three specimens in agreement with bulk values), further
support the consistency of the method and attest to the homogeneity of
the RMs. The elevated MSWD of apatite specimen SAP3 (2.1) might
suggest that a slight isotope heterogeneity outside the analytical un-
certainty exists. We therefore do not recommend SAP3 as a primary RM
(see section 5.2). In contrast, despite the elevated MSWD of Durango-B
apatite, which is mostly a result of the session in which SAP3 was
employed as a RM, the bulk S isotope values of the “unknowns” (Table 4)
can be reproduced within the analytical uncertainty. Thus, we consider
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Durango-B as a reliable RM for SIMS S isotope analyses (see section 5.2).

Despite the similarity of the isotope ratios of the two Durango apatite
specimens investigated in this study, it is possible that crystal to crystal S
isotope variations in apatite from this locality exist, as has been observed
for oxygen isotopes (Sun et al., 2016). This is possibly also manifested by
slightly higher bulk S isotope ratio (0.34 + 0.04 %o (2SD) §3*S) reported
by Economos et al. (2017). If these higher S isotope values were used as
RM, the §%*S SIMS values of the unknowns (i.e., the other apatite
specimens in this study) would be significant higher.

The apatite specimens with the lowest S concentrations of ~160 and
~ 320 pg/g (Mdg-1 and Hormuz) show larger variations between
different analytical sessions. Mean 5>*S values for Mdg-1 measured in
two SIMS sessions range from +0.6%o to —1.2%o. The latter session
(—1.2%o, Table 4 and Fig. 8) in which several individual Mdg-1 grains
were analyzed showed a poor repeatability of +2.2 (2SD) %o. This
potentially points toward a certain degree of S isotope heterogeneity in
the Mdg-1 crystal, which was not recorded in the transect analyses. The
average 534S values of SIMS analyses is —0.6 &+ 1.99 (2SD) %o, (n = 20,
MSWD = 3.4). The measured bulk value is slightly heavier and returned
a 5°%S value of +1.4 + 0.6%o (Table 2). Hormuz apatite contains the
highest S isotope ratios. Average 5°*S values of SIMS analyses with
different RMs are between +23.3 and + 26.5%o (Fig. 8, Table 4), with an
overall mean of +25.5 + 3.4 (2SD) %o (n = 37) (Table 2). Despite the
relatively poor reproducibility, the average 5>*S value agrees well with
the bulk value of +25.8%o + 0.60 (2SD) %o (Table 2). The large scatter in
the S isotope composition of Hormuz apatite might be the result of S
isotope heterogeneity within the crystal, which is also reflected by the
high MSWD value of 14.

A comparison of mean 5**S values determined via SIMS and via bulk
5°4Ss numbers (Fig. 8, Table 2), shows an excellent overall agreement in
values between the different techniques (Fig. 9a) (Note: there is
discrepancy between SIMS and bulk values in one sample, SAP2; see
Fig. 8). This agreement in measured values across a range of different
apatite samples supports the accuracy of the SIMS method. In addition to
the excellent agreement of the 34S/3%S ratio between individual SIMS
sessions and bulk analyses, our results also show that §°3S values of
apatite measured by SIMS and by the different bulk techniques are
equivalent within their analytical uncertainty and repeatability. Ex-
ceptions to this are the SIMS analyses of SAP2, which is likely due to
sample heterogeneity (see above), and analyses from one session in
which Bigl was analyzed with SAP2 as the RM (Tables 2, 5, Fig. 9b and
supplementary Figs. A-1 & A-2). Fig. 10 shows that the %3S and §3*S
values (shown as the simple means) determined by SIMS follow the MDF
line. However, samples with low S contents show relatively large un-
certainties for their 338/32S ratio (6333) (Table 5), which is also reflected
when A%3S is plotted against 534S (Fig. 10b). By increasing the primary
beam intensity or the counting time during the analyses of low S apatite,
the precision of the 5°S measurements could be improved.

4.3.5. Matrix bias in ion microprobe apatite measurements

Instrumental mass fractionation by SIMS is inherently linked to the
composition of the target material, as well as to the specific analytical
conditions under which the samples are measured (e.g., Eiler et al.,
1997; Kozdon et al., 2010). Except for Mdg-1 apatite, which contains a
significant OH component (~1.6 wt% OH), all minerals tested in this
study contain high F concentrations and belong to the F-rich apatite
variety (SAP1, SAP2, SAP3, Bigl, Durango, Hormuz). Hormuz is the only
tested apatite, which contains elevated Cl (~0.6 wt%). We do not
observe any matrix bias for S isotope SIMS analyses outside the
analytical uncertainties. Sulfur isotope values in apatite normalized to
different apatite reference material of different compositions returned
indistinguishable S isotope ratios in homogeneous samples (Figs. 8, A-1,
A-2, Table 4). Based on our data we infer that the analytical precision is
controlled by the S content of apatite (Fig. 7). While the studied apatite
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Fig. 8. Reproducibility of S isotope measurements in the eight apatite samples, as assessed by individual SIMS analyses (each color indicates a different analytical
session see also Fig. A-3 and Table A-4), where the measured 345,/323 ratios are normalized to the bulk 84S values (see Table 2) of different apatite specimens (e.g.,
Big1 ) with the corresponding mean. Data presented in the green outline (top box) are apatite specimens whose bulk S isotope values can be reproduced via SIMS
analyses, while apatite specimens in the red box show discrepancy between SIMS measurements and bulk values. All data points include 2SD uncertainties, which
combine in-run (measured) uncertainties and the standard deviation of the repeated analyses of the reference material during the respective session, summed in
quadrature. Diamond symbols show analyses conducted at the CMCA, UWA, and square symbols show analyses carried out at University of Lausanne. For each
analytical session several grains of the respective sample were analyzed (see also table A-4). The solid black lines represent bulk values and grey areas show the 95%

CI (see Table 2). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 4

Mean §3*S (%o vs. VCDT) values of the eight apatite specimens standardized via different reference materials (see also Fig. 8) with their respective bulk values taken
from Table 2. For mean values of each individual session see Table A-4. Uncertainties are at the 95% CIL.

SAP1 Bigl Dur-A Dur-B SAP2 SAP3 Hormuz Mdg-1
%S (%o) 8% (%o) 8%S (%o) 8% (%o) %S (%o) 8% (%o) 8% (%o) 8%4S (%o)
Bulk value 12.27 + 0.22 14.02 + 0.22 —1.06 + 0.80 —1.39 + 0.48 12.46 + 0.22 12.85 + 0.60 25.78 + 0.60 1.42 + 0.60
Reference Material
SAP1 13.49 £ 0.59 —1.43 £ 0.76 13.67 + 0.52 13.11 £ 0.91
Bigl 12.89 + 0.56 13.77 £ 0.91
Durango-A 12.46 + 0.50 13.98 + 0.74 —1.28 £ 1.09 13.60 + 0.64 13.34 + 0.59 26.52 + 1.66 0.56 + 0.54
Durango-B 12.38 +£ 0.29 14.02 £ 0.73 —1.44 £ 0.33 13.88 +£ 0.59 13.26 £ 0.73
SAP2 12.13 £ 1.05 13.18 £ 0.41 —1.50 + 1.19
SAP3 12.12 + 0.48 13.58 + 0.31 —1.84 + 0.72 —2.16 + 0.38 13.82 + 0.41 23.30 + 0.76 —1.21 + 2.26
30 A 15
25 " R =098 .
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n . « .
e e ,
, ]
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Fig. 9. A) Mean 534S values determined by SIMS vs. mean 534S values determined by bulk methods (data taken from Table 2). B) Mean 8°3S values determined by
SIMS vs. mean 3 values determined by bulk methods (data taken from Table 2). Uncertainties are shown at the 95% CI. Regression lines are forced through

the origin.

Table 5

Mean 5%3S (%o vs. VCDT) values of the eight apatite specimens standardized via different reference materials with their respective bulk values taken from Table 2. For
mean values of each individual session see Table A-5. Uncertainties are at the 95% CI.

SAP1 Bigl Dur-A Dur-B SAP2 SAP3 Hormuz Mdg-1
523 (%o0) 5238 (%) 5335 (%o0) 5235 (%) 5235 (%o) 5238 (%) 5335 (%o0) 5% (%o0)
Bulk value 6.33 +0.11 7.22 +0.11 —0.88 + 0.30 6.40 + 0.11 6.65 + 0.30 13.19 + 0.30 0.64 + 0.30
Reference Material
SAP1 6.86 + 0.74 —0.77 4+ 0.98 7.09 + 0.68 7.10 + 1.42
Bigl 6.77 + 0.90 7.25 + 0.76
Durango-B 5.92 + 1.14 6.77 + 0.67 —0.77 + 0.63 6.80 + 0.60 6.30 + 0.67
SAP2 5.81 + 0.57 6.43 £ 0.40 —~1.37 4 0.99
SAP3 6.49 + 0.59 6.95 + 0.44 —0.50 + 0.83 —0.54 + 1.11 7.06 + 0.59 12.78 + 2.12 —-0.59 + 1.99
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Fig. 10. A) 8335 (VCDT) vs. 84S (VCDT) and B) A33S (VCDT) vs. 534S (VCDT), normalized of the bulk value of sample SAP3 from session 1.7.2020. Error bars for 5%4s
and 8%3S are the overall uncertainty (2SD) based on propagating the analytical uncertainty with the repeatability for the relevant reference material during each
analytical session. Uncertainty calculations for A3*S were performed following the method outlined in LaFlamme et al. (2016).
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Fig. 11. F/Cl (wt%) ratios in S-bearing apatite grains (data from Chu et al.,
2009; Cao et al.,, 2011; Mao et al., 2016) compared to the apatite samples
characterized in this study.

specimens contain F/Cl ratios typical for S-bearing apatite (Fig. 11), we
emphasize that no Cl or OH apatite end-member has been tested thus far
for potential mass bias effects on the instrument mass fractionation for S
isotope quantification.

5. Discussion
5.1. Multiple S isotope analyses in apatite by SIMS

We report multiple S isotope analyses in apatite on a bulk and sub-
mineral scale. Our study shows that in situ SIMS S isotope analyses can
be conducted in apatite with a range of S concentrations from a few hun-
dred pg/g S to thousands of pg/g S. Furthermore, S isotope analyses in two
different SIMS facilities with different analytical set-ups (see section 3.3.4)
show that S isotope values in different apatite specimens can be reproduced
to within 1%o0 84S, supporting the robustness of the characterized reference
materials. A key strength of in situ SIMS S isotope analyses is the 10-20 pm
spatial resolution. This offers unique insights into the geochemical changes
of a system, which can be recorded in (apatite) minerals. While S is pref-
erentially incorporated as S°* in apatite in oxidized environments where
apatite with elevated S contents are formed (e.g., Parat et al., 2011a,
2011b), quantification of S isotope compositions in apatite with low S
concentrations, as shown in Hormuz and Mdg-1 apatite in this study, may
also permit the characterisation of S isotope signatures in apatite from
reduced environments where S partitioning between fluids and apatite are
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typically low (e.g., Parat et al., 2011a, 2011b; Konecke et al., 2017; Sadove
et al., 2019). Based on our data we further propose that MIF A33S anom-
alies (>1%o) can be detected in apatite that contains S concentrations
>1000 pg/g by using SAP1, Bigl, or Durango-B as a primary reference
material to determine the 335/32S ratio in apatite samples.

Our data show that the S isotope signature of apatite can range over
>25%0 §34S. This means that this very common mineral can record the
sulfur isotope fingerprints of inherently different systems and environ-
ments (Fig. 1). The stability of S-bearing mineral phases (i.e., sulfides
and sulfates) traditionally used for in-situ S isotope analyses is
commonly restricted to certain pressure-temperature and redox condi-
tions; in contrast, apatite is stable under a large range of igneous, hy-
drothermal, and metamorphic conditions (Fig. 12). Additionally, our
study shows, for the first time, that 55 isotope values in apatite can be
accurately and precisely measured via the SIMS methodology. This un-
locks new opportunities to detect and trace S isotope anomalies formed
in specific geological environments and at a certain time in Earth evo-
lution (e.g., Farquhar et al., 2000). Given that apatite commonly in-
corporates several hundreds of pg/g S in its crystal lattice (Fig. 12),
promising new avenues emerge to better understand S sources and cy-
cles via S isotope measurements in apatite. For example, S isotope an-
alyses by SIMS in apatite might be useful to track S sources throughout
the evolution of mineralized systems, from their sulfide-free pre-
mineralization stages through to mineralization and post mineralization
events. Similarly, S (re-)cycling in convergent settings can be tracked,
especially in sulfide-barren metamorphic and igneous rocks, where

Mineralized Porphyries” I |
Kiruna-Type Deposit" ]
Unmineralized Syenitic Rocks" [
Quartz-Monzonites" \ |
Mineralized Syenitic Rocks? [ ]
I-type Granitic Rocks® [
Lunar Rocks® | [
Volcanic Rocks® | [N

0.0 02 0.4 0.6 0.8 1.0 1.2

S0, (wt.%) in Apatite

Fig. 12. Compilation of SO3 (Wt%) contents in apatite in a variety of systems.
Note that accurate SIMS analyses can be achieved in samples with >0.1 wt%
SOs. DMao et al. (2016); 2Cao et al. (2011); 3Chu et al. (2009); “Brounce et al.
(2019); PPeng et al. (1997)



J. Hammerli et al.

Table 6

Recommended S isotope (%o vs. VCDT) reference values of apatite SAP1, Bigl,
Durango-A, and Durango-B for in situ S isotope analyses in apatite by SIMS.
Recommended values for SAP1 and Big1 are the weighted means of fluorination
analyses and MC-ICP-MS measurements. The S isotope value of Durango-A was
determined by EA-IRMS and the %S value of Durango-B is the weighted mean
of MC-ICP-MS and EA-IRMS analysis. The %3S value of Durango-B was deter-
mined by MC-ICP-MS. All uncertainties are at the 95% CI.

S content Recommended Recommended
(ng/8) %S (%o) 835 (%o)
SAP1 2202 + 240 12.27 + 0.22 6.33 £0.11
Bigl 3003 + 160 14.02 + 0.22 7.22 +£0.11
Durango-A 1241 + 400 —1.06 £+ 0.80
Durango-B 1161 + 160 —-1.39+0.48 —0.88 = 0.30

apatite is the only S-bearing mineral phase.

We show that in situ SIMS S isotope analyses in apatite is a robust
technique with no effects from crystallographic orientations (see also
Economos et al., 2017). This is an important finding for accurate S
isotope analysis in detrital apatite grains, whose crystallographic
orientation is often challenging to determine due to their worn and
abraded textures. Finally, in order to further test and confirm the
absence of matrix effects on the instrumental fractionation beyond the
tested apatite compositions (Fig. 11), future examinations for potential
matrix bias in OH-and Cl-end-member apatite should be undertaken.

5.2. Recommended S isotope reference values

The different bulk methods employed to characterize the apatite
specimens produced S isotope values that are within 1%, 5>*S with each
other (see section 2 and Table 2). Based on bulk and SIMS analyses, we
propose Bigl (~3000 pg/g S), SAP1 (~2200 pg/g S), Durango-A
(~1240 pg/g S) and Durango-B (~1160 pg/g S) as suitable reference
materials for SIMS analyses. We suggest using the weighted mean bulk
isotope ratios for standardization, which are +12.27 + 0.22 (26) %o 534S
and 6.33 + 0.11 (206) %o 5%°S for SAP1, +14.02 + 0.22 (26) %0 5°*S and
7.22 4 0.11 (26) %o 8%3S for Bigl, —1.39 + 0.48 (26) and —0.88 + 0.30
(20) %o 533S for Durango-B, and —1.06 =+ 0.80 (26) %o 534S for Durango-A
(Table 6). We recommend using at least two RMs for the analysis of
natural samples, especially when a wide range of S concentrations and
isotope ratios is expected. Using RMs with similar S concentrations as
the unknown helps with analytical protocols that use an electron
multiplier.

5.3. Geological significance of different isotope ratios of analyzed samples

Finally, we will briefly discuss the S isotope values of the analyzed
apatite in their geological context. First, we focus on those apatite
specimens for which the location of their formation is well known: the
Durango apatite and Hormuz apatite. Those two samples also contain
the two most extreme S isotope values of the analyzed samples in this
study. Durango apatite comes from the Cerro de Mercado Iron Oxide
Apatite (IOA) deposit, which is located in the City of Durango, Mexico.
The Cerro de Mercado IOA deposit is situated within Chupaderos
Caldera Complex, which belongs to a large Oligocene (~31.5 Ma)
rhyolitic volcanic system (McDowell et al., 2005). It is hypothesized that
the iron ore formed through multiple subaerial volcanic processes, fed
by an iron-rich magma containing significant amounts of halogens, CO,
and water. In this setting, apatite is thought to have formed in a
magmatic-hydrothermal system where it crystallized in cavities formed
by fugitive halogen-rich vapor phases, which led to the redistribution
and concentration of ore metal (Lyons, 1988). Conversely, Barton and
Johnson (1996) argued for an evaporitic control on the ligand avail-
ability for metal transport, opposed to the above model, which envisages
phase separation of the ascending magma for the production of a
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halogen-rich gas phase capable of ore metal transportation and eventual
deposition. Our S isotope data from the Cerro de Mercado IOA deposit
show no evidence for the involvement of S sourced from evaporitic
horizons. Sulfur sourced from evaporites typically contains a much
heavier 5>*S isotope fingerprint (> 10%o 5>*S and see Hormuz case study
below) than the S isotope signature we observed in Durango apatite (~
—1.4%o). This means that the sulfur isotope values in Durango apatite
support a magmatic-hydrothermal model for ore genesis at the Cerro de
Mercado Iron Oxide Apatite deposit.

In contrast, apatite from the same study as Hurford et al. (1984),
collected from a fine-grained red iron oxide outcrop from Hormuz Is-
land, situated in the Persian Gulf, Iran, contains a strikingly heavy S
isotope signature of ~ +25.8 &+ 0.9 (2SD) 534S %o (bulk analyses) and
+25.5 £ 3.4 (2SD) §>*S %o (SIMS). Hormuz Island, which hosts I0A
mineralization, belongs to a salt-diapir, which at ~558 Ma delivered
rhyolitic and rhyodacitic rocks, together with gypsum, to the surface (e.
g., Faramarzi et al., 2019 and references therein). The heavy S isotope
signature in Hormuz apatite supports a model of magmatic fluid inter-
action with evaporite horizons (Peters et al., 2020) for at least the for-
mation of the apatite in the IOA ore.

The exact localities of the apatite samples from Madagascar (Mdg-1,
SAP1, SAP2, SAP3, and Bigl) are not known. The sample termed “Mdg-
1” apatite comes from Milanoa of the Vohémar district in northeastern
Madagascar according to information obtained from the mineral
collection of the Natural History Museum Bern. The region around
Milanoa hosts multiple mineralized systems including pegmatites (pers.
comm. Guido Schreurs). While the exact location or host rock of Mgd-1
is unknown, mantle-like S isotope values obtained from bulk analyses
(+1.4%o 6348) and in situ SIMS measurements (~ —0.6%o 6345) suggest
that no evaporitic S sources were involved in the formation of the
mineralizing fluids. This is in contrast to the apatite samples (SAP1,
SAP2, SAP2 and Bigl). While their location is not known, we speculate
that these samples come from southern Madagascar and possibly from
the Beraketa shear zone — a province known for the occurrence of large
apatite minerals (Morteani et al., 2013). Previous studies have shown
that in this region, silico-carbonatitic melt of crustal origin digested
evaporitic lithologies, resulting in a heavy S isotope signature (up to ~
+18%o 6345) in pyrite of pegmatites (Morteani et al., 2013). The elevated
S isotope values +12 to +14%o 8>S in SAP1, SAP2, SAP3, and Bigl
suggest an input of heavy S from seawater or evaporitic material. Hence,
S isotope signatures in apatite might be a useful approach to trace the
origins of apatite gemstones whose origins are unknown or debated,
especially if they have unusual S isotope signatures.

6. Conclusions

Our newly characterized apatite reference materials (SAP1, Bigl,
Durango-A, and Durango-B) allow for routine high spatial resolution
SIMS S isotope quantification in apatite in a large range of geological
environments. This finding makes the already versatile mineral apatite
an even more useful and important mineral to trace fluid and magma
sources. SIMS S isotope analyses in apatite can be combined with a wide
range of other in situ techniques to extract valuable information for
igneous, metamorphic, and hydrothermal processes, such as for melt
sources via in-situ Sm-Nd isotope analyses (e.g., Hammerli et al., 2018)
or fluid compositions and sources via quantification of the volatile in-
ventory of individual apatite grains (e.g., Kusebauch et al., 2015).
Reference material is available for distribution to SIMS laboratories
from johannes.haemmerli@geo.unibe.ch or nicolas.greber@geo.unibe.
ch.
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