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ABSTRACT

Sulfur isotope ratios are among the most commonly studied isotope systems in geochemistry. While sulfur isotope
ratio analyses of materials such as bulk rock samples, gases, and sulfide grains are routinely carried out, in-situ an-
alyses of silicate glasses such as those formed in magmatic systems are relatively scarce in the literature. Despite a
number of attempts in recent years to analyse sulfur isotope ratios in volcanic and experimental glasses by secondary
ion mass spectrometry (SIMS), the effects of instrumental mass fractionation (IMF) during analysis remain poorly
understood. In this study we use more than 600 sulfur isotope analyses of nine different glasses to characterise the
matrix effects that arise during sulfur isotope analysis of glasses by SIMS. Samples were characterised for major
element composition, sulfur content, and sulfur isotope ratios by independent methods. Our glasses contain between
500 and 3400 ppm sulfur and cover a wide compositional range, including low-silica basanite, rhyolite, and phonolite,
allowing us to investigate composition-dependent IMF. We use SIMS in multi-collection mode with a Faraday cup/
electron multiplier detector configuration to achieve uncertainty of 0.3%o to 2% (20) on measured 5°*S. At high sulfur
content, the analytical error of our SIMS analyses is similar to that of bulk analytical methods, such as gas-source
isotope ratio mass spectrometry. We find IMF causes an offset of —12%o to +1%o between bulk sulfur isotope ratios
and those measured by SIMS. Instrumental mass fractionation correlates non-linearly with glass sulfur contents and
with a multivariate regression model combining glass Al, Na, and K contents. Both In(S) and Al-Na-K models are
capable of predicting IMF with good accuracy: 84% (In(S)) and 87% (Al-Na-K) of our analyses can be reproduced
within 2¢ combined analytical uncertainty after a correction for composition-dependent IMF is applied. The process
driving IMF is challenging to identify. The non-linear correlation between glass S content and IMF in our dataset
resembles previously documented correlation between glass H,O abundance and IMF during D/H ratio analyses by
SIMS, and could be attributed to changes in 325~ and 3*S~ ion yields with changing S content and glass composition.
However, a clear correlation between S ion yields and S content cannot be identified in our dataset. We speculate that
accumulation of alkalis at the SIMS crater floor may be the principal driving force of composition-dependent IMF.
Nonetheless, other currently unknown factors could also influence IMF observed during S isotope ratio analyses of
glasses by SIMS. Our results demonstrate that the use of multiple, well-characterised standards with a wide compo-
sitional range is required to calibrate SIMS instruments prior to sulfur isotope analyses of unknown silicate glasses.
Matrix effects related to glass Al-Na-K contents are of particular importance for felsic systems, where alkali and
aluminium contents can vary considerably more than in mafic magmas.
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1. Introduction

Sulfur, along with hydrogen and carbon, is one of the most abundant
volatile elements present in magmatic systems and strongly influences a
number of processes in melts and associated fluids. It controls enrich-
ment processes in various ore deposits at ocean floors and in magmatic
hydrothermal systems (e.g. Seo et al., 2009; Simon and Ripley, 2011),
and plays a key role in modulating magmatic redox conditions during
melt evolution and degassing (e.g. Marini et al., 2011; Moussallam et al.,
2016; Moussallam et al., 2019; Longpré et al., 2017). Sulfur bearing
gases formed during magma degassing, such as HyS and SO, are major
constituents of many volcanic plumes and can pose a significant hazard
to life due to their highly toxic nature. Understanding how sulfur be-
haves in magmatic systems from the melt source to the surface is
essential if we are to provide better estimates on volcanic sulfur budgets
and determine the source of sulfur in magmatic and hydrothermal sys-
tems. Analytical instruments such as electron probe microanalysers
(EPMA) and secondary ion mass spectrometers (SIMS) are widely used
to quantify sulfur contents in glasses down to a few ppm (Nash et al.,
2019), and bulk-rock analysis of sulfur and its isotopes is a relatively
routine procedure using ion chromatography (e.g. Michel and Villem-
ant, 2003) and mass spectrometry (e.g. Ono et al., 2012). However,
microanalyses of sulfur isotopes (we use the term sulfur isotope ratio to
refer exclusively to 34S/32S ratio) in glasses are relatively scarce in the
literature. Early attempts included a few analyses from Hawaiian (Hauri,
2002) and Canary Islands glasses (Gurenko et al., 2001). In the last
decade a few attempts were made to determine sulfur isotopic ratios in
melt inclusions, matrix glasses (Black et al., 2014; Beaudry et al., 2018),
and experimentally produced silicate glasses (Fiege et al., 2014). Such
datasets have the potential to provide valuable insights into sulfur
degassing in magmas, during which sulfur isotopes fractionate effi-
ciently. Sulfur isotope fractionation during degassing is a composition,
temperature, and oxygen fugacity dependent process (e.g. Marini et al.,
2011; Liotta et al., 2012; Fiege et al., 2014), therefore, sulfur isotope
ratio analyses of glasses could be used as an effective tool to characterise
fractionation processes and to link melt sulfur isotope composition to
those measured in volcanic gases (e.g. de Moor et al., 2013). Sulfur
isotope ratio analyses in glasses could provide further insight into sulfide
ore formation in various geological settings and the large-scale and/or
long-term geochemical cycle of sulfur on Earth (Farquhar et al., 2002;
Evans, 2012; Jégo and Dasgupta, 2014; Walters et al., 2020).

By convention, sulfur stable isotope ratios are expressed as 5°*S (in
%o), calculated as

g5 ((#51%5)/(#51%), ., 1)

where 345/32S, is the sulfur isotope ratio measured in the unknown
and 3*s/328y_cpr is the sulfur isotope ratio of the V-CDT standard
(3%s/32S = 0.0441626, Ding et al., 2001). Microanalysis of any isotope
ratio requires the use of a calibrated micro-analytical tool. One of the
most commonly used technique for isotope microanalysis in Earth sci-
ences is SIMS. It is well documented that isotope analysis in glasses by
SIMS is complicated by compositional matrix effects (also called
instrumental mass fractionation, IMF) for many isotope systems,
including hydrogen (Hauri et al., 2006), boron (Rosner et al., 2008),
oxygen (Eiler et al., 1997; Hartley et al., 2012), and chlorine (Manzini
et al., 2017). Recently Shimizu et al. (2019) provided details of a SIMS
analytical procedure for the analyses of hydrogen and sulfur isotope
ratios in basaltic glasses and noted the need of further analytical work to
characterise matrix effects during S isotope ratio analyses. The devel-
opment of accurate and precise methods for isotope ratio microanalysis
is of particular importance for melt inclusion studies, where the desired
analytical volume is extremely small.

To investigate the effect of silicate glass chemistry on S isotope ratios
measured by SIMS, we require a set of glasses whose bulk 534S values
have been accurately and precisely measured using an independent
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method. These glasses should also cover a wide range of compositions
and bulk sulfur contents. Most natural volcanic samples do not fit these
criteria as magmas tend to degas most of their sulfur during decom-
pression, with only a few hundred ppm sulfur remaining dissolved in the
silicate melt by the time of eruption. Furthermore, natural glasses are
often compositionally heterogeneous and unsuitable for use as stan-
dards. However, some natural glasses, such as products of submarine
and subglacial eruptions, can retain relatively high S contents. Experi-
mentally produced glasses made in a high pressure and temperature
apparatus offer alternative means to obtain homogeneous materials with
bulk sulfur contents up to several thousands of ppm. The sulfur isotope
ratio in experimental charges can be determined the same way as for
bulk rocks, using gas-source isotope ratio mass spectrometry (GS-IRMS)
after chemical extraction of sulfur. However, experiments typically
produce only small volumes of material, which complicates bulk anal-
ysis and assessment of internal homogeneity.

Here we use six new experimental and three natural glasses, which
we have analysed for major element compositions and sulfur isotope
ratios, to investigate composition-dependent IMF during sulfur isotope
ratio analysis of glasses by SIMS. Using glass chemistry and physical
parameters, such as glass density, we perform simple linear, non-linear,
and multivariate regression modelling to determine which parameters
correlate with observed IMF. The best possible approach to sulfur
isotope ratio analysis in glasses using SIMS is discussed based on the
results of the statistical modelling. We emphasise the importance of
calibrating with a range of standards covering the compositional range
of the unknown silicate glasses before and during sulfur isotope ratio
measurements by SIMS.

2. Glasses used for sulfur isotope ratio analysis and IMF
calibration

We have used a set of nine glasses to investigate composition-
dependent IMF (Fig. 1). Three of the glasses (A35, A36, and STAP) are
chemically homogeneous, subglacially erupted, natural basalts from
Iceland containing 500-1600 ppm sulfur, previously analysed for noble
gas and nitrogen isotope ratios (Fiiri et al., 2010; Halldorsson et al.,
2016b). Additional data on STAP and A35 are reported in Halldorsson
et al. (2016a). The remaining six glasses are synthetic, and were melted
under high pressure to keep sulfur dissolved in the glass. These synthetic
glasses were made using powders of natural rock samples as opposed to
a mixture of pure oxides and are therefore representative of natural
magma compositions. The natural rock samples were selected to cover
as wide a range of chemical compositions as possible (Fig. 1). Back-
scattered electron images of all the nine glasses, both in low and high
magnification, are provided in the supplementary material.

2.1. Experimental procedures for synthetic glasses

Synthetic, sulfur-bearing glasses were produced using an internally
heated pressure vessel (IHPV) at the Leibniz Universitat Hannover.
Starting materials included two lava samples from the Canary Islands
(Mg-rich basanite TNR14-01 and low-Mg basanite EGT17-01), two lava
samples from Lacher See, Eifel Volcanic Field (nephelinite LS-17980 and
phonolite LS-17985), one lava sample from Hawaii (picrite HAW-
16095), and an obsidian from Lipari (LIP-17714). Glass major element
compositions are presented in Fig. 1 and Table 1.

Samples were first ground into powders, then melted at 1200 to
1400 °C in a 1-atm furnace and quenched into glass to produce a ho-
mogeneous, devolatilised material. The glasses were powdered again,
and doped with various amounts of CaSO4 with known sulfur isotopic
composition (5**S = 11.1 + 0.4%o, see analytical techniques section).
The mix was dried in a furnace at 500 °C for 3 h to remove adsorbed
water.

Between 132 and 185 mg of the sample powders were placed in
AugoPdyg capsules, along with 6-7 mg of Hy0, corresponding to 4 to 4.5
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wt% HyO content. The addition of water was required to lower the
sample liquidus temperatures and to set fO, conditions to highly oxi-
dising (~FMQ+4, Botcharnikov et al., 2005) to prevent sulfide satura-
tion and sulfur loss to capsules. IHPV experiments were carried out at
1300 °C and 300 MPa using an Ar pressure medium. The duration of
experiments was two hours, after which capsules were drop-quenched
onto a room-temperature Cu plate while still under pressure. Capsules
were then opened with a diamond saw and the glass was gently crushed
and removed from the capsules using pliers. Smaller chips were used for
bulk 534S analyses, while larger chips were set aside to be used for SIMS
analyses.

3. Analytical techniques

Major, minor element, and sulfur contents of synthetic and natural
glasses were measured using a Cameca SX100 electron microprobe
(EPMA) at the University of Manchester. The following standards were
used during glass analyses, with on-peak counting times in parentheses:
Si (40 s), Na (80 s), and Al (80 s): jadeite; Ca (30 s): wollastonite; Mg (80
s): periclase; Cl (30 s): sodalite; S (40 s): anhydrite; P (30 s): apatite; K
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(30 s): potassic feldspar; Ti (30 s): rutile; Mn (80 s); tephroite; Fe (80 s):
fayalite. Beam current was set at 3 nA for Si to avoid detector over-
saturation, resulting in 330 and 720 cps/nA signal and an average 1.4 wt
% counting statistic error (20) on SiOy contents. Other elements were
measured using a 20 nA beam current. Beam diameter was set at 15 ym.
A time-dependent intensity correction was applied for Na to account for
loss due to volatilisation. Analytical error of measured S contents, based
on counting statistics of the measured signal, was between 100 and 130
ppm, while the standard deviation of multiple measurements on various
glass chips was between 90 and 170 ppm (20).

Glass S°7/ 3" S ratios were measured using the same EPMA. As the
position of the Sk, peak changes linearly depending on the oxidation
state of S in glass (Carroll and Rutherford, 1988), the sét/ > Sratio of
glasses can be determined by either scanning over the Sk, peak or by
fixing spectrometers at the maximum intensity of S~ and S®* and
measuring the ratio of the two intensities; this type of S®/ >~ S analyses
is commonly known as the peak-shift method. Instead of the more
widely used peak scanning method, we used a fixed spectrometer posi-
tion method. The $2~ (61414) and the S®* (61445) peak positions were
determined by scanning over a pyrite and an anhydrite standard,
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Fig. 1. (A) Compositions of synthetic and natural glasses used as prospective standards during sulfur isotope ratio analyses on a total alkali vs. silica diagram (Le Bas
et al., 1986). Most glasses are mafic in composition apart from a rhyolite (LIP-17714) and a phonolite (LS-19785). (B) Sulfur content of the glasses vs. so+/ >~ Sratio:

synthetic glasses are dominated by oxidised S®*

while natural glasses are more reduced and contain mostly $2~. Symbols with black outlines are EPMA data, while

grey outlines are SIMS-based S measurements quantified using 180~ relative ion yields of >2S. The difference between EPMA and SIMS data for EGT17-01 and LS-
17980 is likely due to the peak shift of the S K, peak for glasses containing mixed valence S, resulting in low EPMA-based S contents. (C) Total FeO vs. MgO and (D)
CaO vs. Al,05 diagrams indicate the glasses cover a wide compositional range for these elements. Error bars are 1o standard deviations.



Table 1

Compositions of synthetic and natural glasses. Values are in wt% if not otherwise stated. Icelandic glass Fe>*/S Fe ratios are based on data from Oskarsson et al. (1994) and Shorttle et al. (2015). Sulfur contents shown in
the table include those measured by EPMA, SIMS, and SIMS cps, the latter being calculated from 3§ cps/nA (see Results section for more detail). Values for A%3S and A%®S in A35, A36, and STAP are reported relative to
laboratory SF reference gas SG-1 (the anchoring of A33S and A%°S values to the V-CDT scale are detailed in Ranta et al. (n.d.). For experimental glasses, A>3S and A%°S values were quantified the same way as described in
Fortin et al. (2019). Uncertainty given in every even column is 2¢.

Sample A36 STAP A35 LS-17980 HAW-16095 TNR14-01 LS-17985 EGT17-01 LIP-17714
Type Natural glass Natural glass Natural glass Synthetic gl. Synthetic gl. Synthetic gl. Synthetic gl. Synthetic gl. Synthetic gl.

AVG 20 AVG 20 AVG 20 AVG 20 AVG 20 AVG 20 AVG 20 AVG 20 AVG 20
SiO, 49.1 0.4 48.9 1.3 48.9 1.1 41.0 0.7 45.6 1.6 39.5 0.7 51.0 0.6 44.1 1.1 71.3 1.0
TiO, 3.050 0.007 1.620 0.035 1.645 0.019 2.355 0.046 1.889 0.025 3.937 0.033 0.290 0.005 3.162 0.056 0.064 0.015
Al,03 12.67 0.03 14.63 0.06 13.60 0.11 15.18 0.07 8.98 0.13 9.33 0.05 22.60 0.09 15.48 0.15 12.34 0.14
FeO(t) 14.78 0.07 10.79 0.10 12.24 0.12 10.58 0.13 10.96 0.17 12.97 0.24 2.58 0.06 10.32 0.17 1.07 0.10
FeO 11.82 8.63 9.79 3.26 4.22 4.41 0.82 4.38 0.50
Fe,03 3.28 2.40 2.72 8.14 7.49 9.51 1.96 6.60 0.64
MnO 0.24 0.02 0.19 0.018 0.21 0.015 0.30 0.015 0.16 0.017 0.18 0.019 0.23 0.012 0.21 0.012 0.04 0.010
MgO 5.10 0.068 8.22 0.109 6.89 0.101 3.89 0.057 15.73 0.218 12.24 0.497 0.12 0.003 3.90 0.044 0.03 0.010
CaO 9.85 0.07 12.11 0.09 11.85 0.10 11.15 0.14 7.87 0.08 11.29 0.41 2.43 0.07 9.14 0.17 0.94 0.03
NayO 2.74 0.14 2.06 0.12 2.37 0.12 4.55 0.29 1.57 0.14 2.32 0.18 7.69 0.22 4.51 0.14 3.33 0.24
K0 0.41 0.006 0.28 0.010 0.19 0.008 3.44 0.041 0.38 0.016 0.99 0.097 8.32 0.178 1.85 0.059 3.90 0.056
P,05 0.32 0.060 0.21 0.042 0.15 0.045 1.15 0.062 0.20 0.030 0.69 0.047 0.05 0.015 1.24 0.086 0.01 0.020
S (ppm, EPMA) 1614 202 534 74 1184 104 1194 125 2126 190 3387 160 2347 588 2292 308 1075 177
S (ppm, SIMS RIY) 1683 0 526 0 1291 4 1471 46 2219 45 3446 8 2033 28 2741 15 1002 23
S (ppm, SIMS cps) 1581 158 487 37 1206 61 1598 306 2222 309 3806 902 1888 284 2740 254 871 184
F (ppm) 970 4 724 2 488 6 165 3 12 1 295 1 102 1 1212 9 102 0
Cl (ppm, EPMA) 150 88 181 84 87 58 142 57 7 82 26 69 933 57 138 63 110 89
Cl (ppm, SIMS) 202 2 226 1 86 1 153 4 27 2 43 2 965 14 153 2 143 1
H,0 (SIMS) 0.71 0.009 0.34 0.002 0.30 0.008 4.24 0.012 4.74 0.022 4.68 0.003 4.87 0.05 4.17 0.006 4.57 0.018
H,0 (FTIR) 0.70 0.09 0.37 0.09 0.28 0.04 3.37 1.20 2.66 0.61 5.65 1.75
CO; (ppm) 586 1464 48 7 159 70 1141 22 1216 10 870 12 277 17 695 24 233 80
Total 99.32 99.59 98.64 98.66 98.82 99.09 100.42 98.77 97.66
Fe3*/sFe 0.15 0.13 0.15 0.69 0.03 0.61 0.03 0.66 0.03 0.68 0.02 0.58 0.03 0.54 0.08
s6*/58 0.03 0.11 0.09 0.20 0.07 0.12 0.51 0.24 0.79 0.24 0.78 0.17 0.87 0.07 0.66 0.19 0.69 0.29
534S (%o0) —0.57 0.91 —1.10 0.66 —0.36 0.06 9.38 0.50 11.28 0.50 11.58 0.50 8.76 0.50 10.96 0.50 11.96 0.50
A%3g (%o) —0.015 0.037 —0.011 0.014 —0.014 0.021 —0.006 0.008 0.019 0.007 0.021 0.004
A%6S (%0) 0.063 0.076 0.004 0.032 0.109 0.058 0.763 0.771 0.206 0.094 0.808 0.480

‘ID 32 YDSIDID], 7

815021 (1202) 8.S £30]025 pomuay)
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respectively. Two background positions were measured simultaneously.
The background count rate was subtracted from the S*~ and S%* peak
counts. Background-subtracted count rates were then divided, and %t/
> S ratios of the glasses were calculated relative to the ratios measured
on pyrite (S°1/ 30 S = 0, Sodax/Saeak = 0.656 = 0.028, 20) and anhydrite
(s%*/ >s=1, SS;k/SE,gak = 1.313 + 0.034, 20) standards, assuming
sét/ > Sand Sgéak/Sggak both change linearly (Carroll and Rutherford,
1988). Compared to the more widespread peak scanning method, the
fixed spectrometer method used here is faster (~60 s), hence it reduces
the chance of oxidation or reduction (e.g. Wilke et al., 2011) during
sample-electron beam interaction. Note that the peak-shift method
applied here is generally less accurate than analyses carried out using
synchrotron methods, such as X-ray absorption spectroscopy. Un-
certainties of major element contents and S/ 3 S ratios are provided
in Table 1.

Glass Fe>*/ 3" Fe ratios were determined using wet chemistry and
colorimetry at the Leibniz Universitat Hannover following the proced-
ures described by Schuessler et al. (2008). Between 4 and 17 mg of glass
was reacted with NH4VO3, H,SO4 and HF. In summary, V°* oxidised
Fe2" originating from the glass during dissolution into Fe3* by pro-
ducing oxidation-resistant V**. Fe?* and V> were later regenerated
from Fe3* and V** produced during the previous reaction by adding
boric acid to the solution. Fe?* was then reacted with 2:2 bipyridyl to
form Fe(II)-2:2’bipyridyl, which has a strong absorption band in the
visible spectrum. Absorption of Fe?>* was measured first by colorimetry.
After the measurement of Fe?", hydroxylamine hydrochloride was
added to the solution, reducing all Fe that was originally present as Fe>*
to Fe?t. Absorption was then measured again to determine total Fe
content to get Fe>*/S Fe.

Three natural Icelandic glasses and three of our synthetic glasses
were analysed for their HoO contents by transmission micro-FTIR
(Fourier transform infrared spectroscopy), using a Perkin Elmer
Spotlight-400 instrument at the University of Manchester equipped with
a mercury-cadmium-telluride (MCT) detector. We used the Beer-
Lambert law to quantify HoO contents in the samples, which requires
sample thickness and molar absorptivity to be known. Glass chips were
made into thin (30-120 ym) double-polished wafers. Thickness of the
wafers was determined using a manual Miyamoto micrometer, which
has a nominal precision of +2 ym. Absorbance spectra of the glasses
were recorded between 7000 cm ™! to 600 cm ™! to include H,0 peaks at
5200 and 1630 cm ! and OH ™ peaks at 4500 and 3550 cm ™', Between
three to eight spectra were taken from each sample. Absorbance from
each spectrum was determined after manually subtracting the back-
ground from the peaks. H,O contents were quantified using molar ab-
sorptivities taken from Mercier et al. (2010). Molar absorptivity values
were varied based on the number of non-bridging oxygens per total
oxygen atoms (NBO/T): for TNR14-01 molar absorptivities of 43.96,
0.56 and 0.58 were used for the 3550, 4500 and 5200 cm™! peaks,
respectively, while for all other mafic glasses molar absorptivities of
62.8, 0.62 and 0.67 were used. For hydrous experimental glasses, HoO
contents were calculated by adding together water contents derived
from the 5200 cm™! H,0 and 4500 cm ™! OH™ peaks. For low (<1 wt%)
H,0 glasses from Iceland the water content was determined using the
absorbance of the 3550 cm™! peak, which was taken as total HyO.

Sulfur isotopic composition of the anhydrite used to add sulfur to the
experimental charges was measured at the Godwin Laboratory, Uni-
versity of Cambridge, using a Thermo Finnegan Delta V Plus GS-IRMS.
Sulfur from the anhydrite was extracted as HyS using Thode's solution,
i.e. HI-HyPO3-HCl mixture, under a constant flow of Ny gas. The
extraction procedure took approximately three hours. H,S was precipi-
tated in Zn-acetate as ZnS, which was then reacted with AgNOg to form
Ag5S. The resulting Ag,S precipitate was dried, combusted into SO3 at
1030 °C in a flash element analyser and analysed for 54S.

Bulk sulfur isotope ratios including 33S/%2s, 345,325, and 3°s/%2S in
the synthetic glasses were measured using a Thermo-electron MAT 253
GS-IRMS at Massachusetts Institute of Technology. Sample masses were
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between 21 and 47 mg. Total sulfur was extracted from the glass samples
using tin(II)-strong phosphoric acid (Kiba reagent; Sasaki et al., 1979)
under a constant flow of N5 gas. The reaction produces HsS, which was
precipitated in Zn-acetate solution as ZnS, and was later reacted with
AgNOg3 to form AgsS. The AgsS precipitates were then dried, placed in
aluminium foil and fluorinated in nickel reaction vessels for 8 h at
300 °C using fluorine gas. The resulting SF¢ was then purified by gas
chromatography, going through a column packed with 5 A molecular
sieve and HayeSep Q. Gas pressures of the purified SF¢ were measured
before isotopic analysis. Repeated analyses (n = 7) of a mid-ocean ridge
glass sample (ALV4055-B6) using the same extraction method and the
same instrument indicate that a precision of +0.5%o (26) in 5%4S can be
reached for glass samples using this extraction procedure. Repeated
analyses of international reference sulfide material (IAEA-S1) have
yielded 53*S precisions of 0.26% for 2 mg AgsS (n = 28, Ono et al., 2012)
and 0.82%o (20) for 40-130 ug AgaS (n = 13, Fortin et al., 2019).

Bulk sulfur isotopic compositions of natural, sulfur-containing Ice-
landic glasses A35, A36, and STAP (Fig. 1) were measured using the
same Kiba extraction procedure, carried out at the University of Iceland.
Sulfur isotope ratios were determined using the same Thermo-electron
MAT 253 GS-IRMS at the Massachusetts Institute of Technology as for
the synthetic glasses. The larger mass of natural samples meant multiple
extractions (3 to 4) could be carried out on larger amounts of extracted
sulfur. Around 2 mg of the extracted Ag,S was converted to SFe, purified
and measured using the same procedure as for the synthetic glasses.
Repeated analysis of A35 (n = 3), A36 (n = 3) and STAP (n = 4) indicate
20 reproducibility of 0.06%o, 0.91%o, and 0.66%o, respectively using the
Kiba extraction method.

3.1. SIMS analytical conditions and data processing

Sulfur isotope ratios in the synthetic and natural glasses were
measured by secondary ion mass spectrometry at the Edinburgh Ion
Microprobe Facility (EIMF) at the University of Edinburgh in November
2019. Samples were mounted in epoxy and gold-coated prior to analysis.
Sulfur isotope ratios in glasses were determined using a Cameca IMS-
1270 instrument operated in multi-collection mode. A Cs" primary ion
beam with an accelerating voltage of 10 kV and a beam current of 2-3.7
nA was used for analytical sessions 2 to 14. A smaller 0.9-1.3 nA primary
beam current was used during the first analytical session. The primary
beam diameter was set at 10 ym. A low-energy flood electron gun was
used to compensate for positive charge build up on the sample surface.
Secondary ions were accelerated with 10 kV (resulting in a total impact
energy of 20 keV) from the sample surface into the mass spectrometer.
Secondary ions were then passed through a 60 ym transfer lens, followed
by a 400 um contrast aperture, a 60 ym entrance slit, and finally a 2000
um field aperture before entering the electrostatic sector of the instru-
ment. Sulfur isotopes were analysed as >*S™ using an ETP electron
multiplier (EM) and 82g- using a Faraday cup (FC-L1) to optimise count
rate on both isotope species, as the count rate for >*S~ would have been
too low for a FC detector at low S contents. Mass resolution was set at
~3600, which is calculated by the Cameca IMS-1270 based on instru-
ment geometry, to distinguish between isobaric interferences on mass
~32 (%7, %05, H3'P7) and ~34 (**s, ¥3sH", 1%0'80"). Based on
mass spectra collected using this setup, the true mass resolution was
closer to ~2000 on the FC and ~4000 on the EM detector when deter-
mined using the full width at half maximum method (Fig. 3). Before each
analysis the sample surface was pre-sputtered for 60 s, followed by a
secondary ion beam alignment using dynamic transfer plates. Both 325~
and 34S™ ions were measured for 20 cycles, with each cycle being 4 s
long. This configuration resulted in count rates of 6 x 10° to 1.17 x 107
for 325~ and 2.9 x 10 to 5.26 x 10° for >*S™ per cycle, with count rate
standard errors varying between 0.05 and 2.17% for both isotopes. Total
analysis time, including pre-sputtering, was ~3.5 min per measurement.

Sulfur and volatile contents (Ho,O, CO,, F, Cl) of the glasses were
analysed on the same instrument, using a Cs* primary ion beam with an
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accelerating voltage of 10 kV, a beam current of ~ 1 nA, and a primary
beam diameter of 10 ym. Secondary ions were accelerated by a potential
of 10 kV without the use of a voltage offset energy filter. Similarly to S
isotope ratio analyses, positive charge build was compensated using a
flood electron gun. Prior to analyses the sample surface was pre-
sputtered for 60 s. Ions of 12¢- 2), 16gl- (0.5), 18- 2), 19g— 4,
30gi~ 2), Slp- 2), 325~ (4), and 3°Cl™ (4) were measured sequentially
with an EM detector, using magnetic peak switching (on-peak counting
times in seconds are given in parentheses). Mass positions 11.2 (0.5) and
11.5 (0.5) were also measured. The entrance slit was set at 40 ym. An-
alyses consisted of nine cycles. Detection limits for S and H,0, measured
in nominally H20 (GSD-1G) and S-free glasses (StHs6/80-G and T1-G),
were <80 ppm and < 4 ppm, respectively. Sulfur contents were quan-
tified by relative ion yields (RIY) of 328~ compared to 807, using
standards NIST 620 (500 ppm S) and L17 (1320 ppm S). Water contents
were quantified using a linear regression fitted between the measured
1601~ /308i~ x Si (Wt%) and the H50 content of glasses A35, A36, and
STAP, which were measured by FTIR.

3.1.1. Drift, EM deadtime, and other corrections of sulfur isotope ratios

Due to the high count rate of up to 5.26 x 10° counts per cycle on the
EM detector, a large deadtime correction was applied on the >4S count
rate. Deadtime correction is calculated as

Ncnrr = Nmeas/(l - Nmeas*‘[) (2)

where N is the deadtime-corrected counts, Nyeas is the uncorrected
counts and 7 is the deadtime (in seconds). The deadtime correction on
the Cameca IMS-1270 is electronically set: during the analytical session
it was determined to be 51 ns, based on instrument design. As shown in
eq. 2, the size of the deadtime correction is count rate dependent, and its
value changes with variable glass sulfur content. Therefore, EM dead-
time was measured to test if the electronically set deadtime is correct by
analysing the A35 glass (which is a glass with intermediate S content)
using different entrance slit sizes, hence changing the 32S™ and 3*s~
count rates. By regressing 825 /343 ratio against 325~ count rate, and
using the slope and intercept of the regression, a deadtime of 47.6+0.9
ns was calculated. The difference between the electronically set and
measured EM deadtime changes sulfur isotope ratios for A35 by
0.00002, equal to a difference of 0.5%o in 6°*S. As this change is sig-
nificant with respect to analytical errors (Fig. 2), data were reprocessed
using eq. 2 and the 47.6 ns deadtime.

A deadtime correction is not required for the FC detector measuring
32g~, However, due to the electronic baseline noise of the Faraday Cup
current amplifier (Fig. 3), a background correction is required for the
raw 325~ counts. A yield correction is also applied to the measured count
rates. Both of these corrections were applied for all analyses by the
Cameca CIPS software.

Sulfur isotope ratio analysis of the samples was usually carried out in
a sequence of 14 analyses, with each sequence consisting of four primary
drift standard analyses (i.e. the glass on which analyses are carried out
repeatedly during the whole session to monitor any changes in measured
isotope ratios), followed by five analyses of two different glass samples.
EGT17-01 was used as the primary drift standard. Analyses were carried
out in 14 sessions, with a new session starting after each instance of
sample exchange or beam shutdown (i.e. switching the primary accel-
erating voltage and the beam current off). All 14 sessions were affected
by instrumental drift, evidenced by a systematic decrease in measured
345,323 ratios in the primary drift standard. This drift is caused mainly
by the EM detector ageing, which results in the loss of counts for 3*S™ as
more analyses are carried out; the EM voltage was increased multiple
times during the two week analytical period to compensate for this ef-
fect. A similar observation was made by Shimizu et al. (2019) during S
isotope ratio analyses in mafic glasses by SIMS. For each session,
instrumental drift was corrected using a linear regression procedure to
restore the primary drift standard measurements to a constant sulfur
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Fig. 2. Internal analytical precision plotted against >>S~ counts (per 4 s cycle)
(A) and external precision (standard deviation of drift corrected glass S isotope
ratios) plotted by session (B). All errors are 26. At high counts (>5 x 10°),
internal precision is generally between 0.3 and 1.0%o, while at lower counts it
increases, due to Poisson noise, to 2.5%0 for the most sulfur-poor glasses.
External precision for primary drift standard EGT17-01 is between 0.3 and
1.4%o. The other two glasses analysed in every session, LS-17980 and HAW-
16095, have similar precision to EGT17-01. Symbols are same as in Fig. 1.

isotope ratio. Further details of the drift correction procedure are pro-
vided in the supplementary material. The R? of the linear regressions
between measured isotope ratios and analyses number varied between
0.71 and 0.99 (Fig. S1). The weaker correlations are associated with
sessions where measured instrumental drift was small (<0.001 change
in measured sulfur isotope ratio on the primary drift standard).

3.1.2. Internal and external precisions of SIMS analyses

We use the definition of Fitzsimons et al. (2000) to determine the
internal and external analytical precision of our sulfur isotope ratio
analyses in glasses by SIMS. Internal analytical precision, i.e. the pre-
cision of a single analysis, is based on the counting statistics error of the
20 analytical cycles, and is calculated by the Cameca IMS-1270 instru-
ment assuming Poisson noise. External precision is defined as the stan-
dard deviation of repeat analyses carried out on same sample during the
same session: here external precision is calculated using the standard
deviation of primary drift standard, EGT17-01 after drift correction is
applied. Furthermore, a combined external precision can be defined,
where the analytical uncertainty of the bulk 53*S is also taken into ac-
count. The combined external precision is propagated using the general
error propagation formula (assuming variables are independent):

2 2 2
o = \/ (g) *? 4 (gl;) 2 4 (%’;) “o2... &)
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Fig. 3. Mass scans of glass standards STAP and HAW-16095 taken on the FC
(A) and EM (B) detectors. On the EM all peaks are considered to be completely
resolved. On the FC, the 1°0; and ®2S™ peaks are resolved at <0.1% of the 325~
peak height for STAP, while the same two peaks are resolved at < 1% peak
height in the HAW-16095 scan. A larger and more detailed figure of the same
mass scans is provided in the supplementary material (Fig. S5).

where o is the standard deviation of function f, oy, oy, and o, are the
standard deviations of variables x, y, and z. In case of the two variables
(bulk GS-IRMS data and the drift corrected SIMS data) being multiplied
or divided, such as when calculating IMF (see eq. 5), eq. 3 can be
simplified:

2 2
* Oext OIRMS
Ocomb = X rift + ( ) (4)
° gt \/(Xdriﬂ) Xpulk

where 6omp is the combined uncertainty, o¢y; is the external precision of
the SIMS analyses measured on the primary drift standard EGT17-01
during each session, and orys is the bulk error of the GS-IRMS analyses,
while Xgift is the drift-corrected S isotope ratio of the sample, and Xpyx
is the bulk S isotope ratio determined by GS-IRMS, all expressed as
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34g 32g.

Internal precision of sulfur isotope ratio analyses is primarily
determined by the measured count rate and hence sulfur contents of the
glass. Once the count rate on the Faraday cup for 325~ decreases below 5
x 10° the analytical error starts increasing rapidly, as at low count rates
the noise of the FC detector represented a larger proportion of the
measured 328~ counts (Fig. 2A). At higher count rates the combined
uncertainty is primarily controlled by the error associated with the drift
correction, which varies between 0.19 and 0.69%.. When errors associ-
ated with the drift correction are small and count rate is > 5 x 10°, the
analytical uncertainty achieved by SIMS may be below 0.5%o, similar to
errors associated with our GS-IRMS analyses. Our lowest combined
uncertainty is less than half of the 1.6%o reported by Black et al. (2014)
for sulfur isotope ratio measurements by SIMS. Fiege et al. (2014) re-
ported 0.52%o reproducibility on a mid-ocean ridge basalt (MORB) glass,
similar to our drift correction errors; however, they did not provide
combined analytical uncertainty. Our error propagation calculations
show that if the optimal conditions of high count rate and no or small
instrumental drift are met, multi-collector SIMS and bulk GS-IRMS an-
alyses have comparable analytical uncertainty during sulfur isotope
ratio measurements.

4. Results
4.1. Major element composition and sulfur content of glasses

Major element composition of the glasses measured by EPMA are
presented in Fig. 1 and Table 1. The three natural Icelandic glasses are
all basaltic in composition, while experimental glasses cover a wider
compositional range, including alkaline basalts, a phonolite, and a
rhyolite. The nine glasses cover a SiO; range of 39.5 to 71.3 wt%. Alkali
contents are also variable, with NayO and K50 contents between 1.6-7.7
wt% and 0.7-8.3 wt%, respectively. Total alkali content is up to 16.0 wt
% in the phonolitic glass (LS-17985). Total FeO contents of the glasses
are between 1.1 and 14.8 wt% (Fig. 1C). In Icelandic glasses Fe is mainly
present as Fe2": Fe>'/S Fe is 0.13 for STAP based on data provided by
Oskarsson et al. (1994) for the same sample, while for A35 and A36 it
was assumed to be 0.15 based on data presented by Shorttle et al. (2015)
for various Icelandic glasses. Experimental glasses are considerably
more oxidised, with Fe>*/3"Fe ratios between 0.58 and 0.69. Glass MgO
contents are between 0.03 and 17.7 wt%, covering most reasonable
silicate glass compositions (Fig. 1C). Glass CaO and Al,O3 contents are
between 0.94 and 12.1 wt% and 9.3-22.6 wt%, respectively (Fig. 1D).
The H0 content of Icelandic subglacial glasses is between 0.3 and 0.7
wt%. Based on SIMS data, synthetic glasses have 4.17 to 4.87 wt% H30,
which is consistent with the amount of HoO added to experimental
charges. Errors associated with FTIR data collected from three synthetic
glasses are large: two out of three overlap with the SIMS Hy0 data, while
the third glass (HAW-16095) has a lower HO content measured by FTIR
compared to SIMS (Table 1). As the amount of water added to the
capsules is consistent with the SIMS data, we accept SIMS data as the
correct HoO content, and use it later in the text for regression modelling.

Sulfur contents in the glasses, measured by EPMA, are between 534
and 3378 ppm. A similar range was measured by SIMS (526 to 3446
ppm); EPMA and SIMS S data are consistent for most glasses (Fig. 1B). A
difference between EPMA and SIMS S content can be observed for
EGT17-01 and LS-17980; these two glasses contain mixed valence S
(Fig. 1B), resulting in a peak shift for the S K, peak used to quantify S
contents by EPMA. This shift may have moved the S K, peak away from
the detector position, resulting in an off-peak measurement, loss of
counts, and consequently low measured S contents. Glass sulfur contents
were also extrapolated from the SIMS 32S~ count rates. The count rate
was converted to counts per second (cps) and divided by the primary
beam current to calculate 325~ cps/nA for each analysis. The average
cps/nA measured on EGT17-01 in each session was assumed to be equal
to 2741 ppm sulfur, i.e. the S content of EGT17-01 measured by SIMS
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using 180~ relative ion yields. Standard deviation of sulfur contents
measured using cps are generally higher than errors in EPMA and SIMS
measurements, and cps-based sulfur contents often vary between ses-
sions. The largest session-to-session variation is observed for TNR14-01
in cps-based S contents. For the purpose of regression analyses we use
the SIMS-derived S contents of the glasses unless otherwise stated.
Sulfur speciation varies significantly among the nine glasses
(Fig. 1B). Natural Icelandic glasses are dominated by $%~, with $¢/3°S
<0.1. Experimental glasses are more oxidised, with S6+/ES between
0.51 and 0.87. This offers an opportunity to test whether oxidation state
of sulfur influences the measured sulfur isotope ratio during SIMS
analysis, which has not been previously investigated in detail.

4.2. Sulfur isotopic composition of glasses and observed IMF

Bulk sulfur isotope ratios measured by GS-IRMS in the glass samples
are reported in Table 1. Four experimental glasses have 5>%S between
11.0%o and 12.0%o, close to that of the anhydrite used to add the sulfur to
the samples (11.1%o). Exceptions are phonolite glass LS-17985 (8.8%o),
and nephelinite glass LS-17980 (9.4%o); both glasses have a lighter iso-
topic composition than the anhydrite. However, these glasses contained
residual sulfur after initial melting of the rock powders in a 1 atm
furnace (see supplementary spreadsheets for starting compositions),
which is the likely cause of the difference in 5°*S compared to the doping
anhydrite. Compositions of natural Icelandic glasses are similar to those
determined for MORB (—1.3%o Labidi et al., 2013), with average 534S
between —0.4%o and — 1.1%o. We also report A%*S and A3°S values from
the nine glasses (Table 1.), however we do not utilise these for this study.
As indicated by the close to 0 A33S and A0S values (Table 1), variations
in isotope ratios follow mass-dependent fractionation for all nine
glasses. The A%%S values of the experimental glasses likely have large
uncertainties compared to the three natural glasses due to the small mass
of the samples used for the bulk analyses.

During sulfur isotope ratio analysis by SIMS, each glass sample was
analysed in a chain of five analyses to determine whether they are suf-
ficiently homogeneous to be used as primary calibration standards. After
excluding analyses with anomalous counts for either isotope (> 30%
change in count rate or > 2 times internal precision compared to the
previous analysis on the same glass) the remaining 602 glass analyses
were averaged by session for each sample. The largest variability is
observed for the rhyolitic LIP-17714 glass which has a 2¢ standard de-
viation between 1.1%o and 1.8%o in the five sessions it was measured
(Fig. 2B). This reproducibility is similar to the combined uncertainty of
individual measurements, which is between 0.7%o and 2.4%o for LIP-
17714 (Fig. 2A). In session 9, LS-17985 had a standard deviation of
2.8%o, indicating the presence of isotopic heterogeneity. In the other
glasses, reproducibility during a session is between 0.3 and 1.4%o
(Figs. 2B, 4), either smaller than, or similar to the internal precision
(Fig. 2A). The low variability of measured 5°*S indicates that at least
eight of the nine glasses used in this study are suitable as SIMS primary
standards, the exception being LS-17985, which may be less suitable as
repeated EPMA (n = 7) and SIMS (n = 23) analyses from this sample
produced variable measured sulfur contents and sulfur isotope ratios
(see discussion for more detail).

Instrumental mass fractionation for sulfur isotope ratios can be
expressed in %o using the following equation:

) = ((%57°5),,, - (*5/79),.. )/ (59/°5) 1o 9

where (345/32S)driﬁ is the drift-corrected sulfur isotope ratio and 34sy
st)bulk is the sulfur isotope ratio measured by an independent technique
not affected by matrix effects. We find significant IMF (i.e. above in-
ternal and external analytical uncertainty) between glasses with
different composition and sulfur content (Fig. 4). Compared to our pri-
mary drift standard EGT17-01 most glasses display a negative IMF, as

Chemical Geology 578 (2021) 120318

—)

—S3

39

STAP LIP A35 LS85LS80 A36 HAW EGT TNR
Sample

1,
O, .........
_1,
221 N
o<
u__3’
= -4 —
-5 —— 84,85
S6. S7
-6 S8
——- 310
-7] S11, S12
.......... S13, S14
LIP LS85 LS80 HAW EGT TNR

Sample

Fig. 4. Diagrams showing IMF values between different sessions, calculated
relative to the primary drift standard EGT17-01, which is fixed at 0. In (A)
sessions during which all nine glasses were measured are shown, while in (B)
data from all other sessions are presented. Symbols are the same as in Figs. 1
and 2. Errors are 2¢ standard deviation for each glass by session. EGT17-01,
HAW-16095, and LS-17980 were measured in all 14 sessions. Note the differ-
ence in y-axis scale between (A) and (B).

large as —12%o in the case of STAP. The only exception is TNR14-01,
which has a positive IMF of +1%o relative to EGT17-01. A significant
variability in IMF can be observed between different sessions: HAW-
16095 and LS-17980 have IMF between —2.5 to 1% and — 4.5 to
—2%o, respectively (Fig. 4B). A significant difference can be observed
between the IMF measured for LIP-17714 during session 1 and other
sessions: IMF in session 1 is considerably smaller (—2%o) compared to
other sessions (between —6%o and — 8%o, Fig. 4). Natural Icelandic
glasses all display a negative IMF, with the largest values observed for
the sulfur-poor STAP glass, between —9.5 and — 12%o. Both LS-17980
(basanite) and LS-17985 (phonolite) have similar IMF, varying be-
tween —5%o and — 2%o.

5. Discussion

If a correlation exists between IMF measured in calibration standards
and one or more chemical/physical parameters, IMF can be predicted
and corrected for in materials with an unknown isotope composition. If
IMF is controlled by the chemistry or the physical properties of the
samples, such as density, a correlation should be observed between these
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parameters and observed IMF (Deloule et al., 1991; Eiler et al., 1997;
Hauri et al., 2006; Hartley et al., 2012). Instrumental mass fractionation
can be calculated for n linear predictors as

IMF = m *x; +my*xy +mz*x; + ... +my*x, + ¢ 6)

where m; to m, are the slopes of the regression for each parameter, x; to
Xp are the values of parameters 1 to n, and c is a constant. The number of
predictors should be kept to a minimum, as their number is limited by
the number of predicted values, in this case by the number of standards
used to calculate IMF. In this discussion, we explore possible correction
methods for composition-dependent IMF during sulfur isotope ratio
analysis of glasses by SIMS using simple univariate linear, multivariate
linear, and non-linear regression models.

5.1. Univariate linear models between glass composition and IMF

Univariate linear models are the simplest way to correct for
composition-dependent IMF. For the purpose of statistical modelling, we
used data collected during sessions 2, 3, and 9. In these sessions data
were collected from all nine glass standards (Fig. 4A). When calculating
regression for hydrogen, water contents measured by SIMS were used;
this also applies to multivariate models discussed later. Results of uni-
variate linear models are presented in Fig. 5. Linear regression model-
ling was carried out separately for all glass compositions (Fig. 5B) and
for mafic glasses only (A35, A36, EGT17-01, HAW-16095, LS-17980,
and TNR14-01, Fig. 5A). In both cases, the best correlation is between
IMF and glass sulfur content (Fig. 5), which positively correlate with
each other (Fig. 6). When all glass standards are used, R? between IMF
and sulfur contents measured by SIMS are 0.79 to 0.90 (Fig. 5). A strong
correlation can be observed when cps-based S contents are used (R? of
0.83 t0 0.91), while R? is lower when EPMA S contents are used (0.71 to
0.81). If sulfur, measured by SIMS, is expressed as cations rather than by
weight (ppm), R is between 0.85 and 0.88. Other chemical and physical
parameters have weaker correlations: after sulfur, the best correlation is
observed between IMF and Fe>* cations, which correlate positively and
have R? values between 0.59 and 0.66. Similar results are obtained using
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only mafic glasses: sulfur correlates well with IMF. For mafic glasses IMF
also correlates positively with Fe>*/3 Fe and $%*/3_S ratios and nega-
tively with the molar volume of the glass (Fig. 5B), calculated using the
method of Lange (1997). Nonetheless, R? values for these parameters are
below 0.6 when all glasses are used (Fig. 5B).

Simple univariate regression models indicate that glass sulfur con-
tent might play a major role in controlling IMF during sulfur isotope
ratio analysis by SIMS. Negative correlations between the H>O content
of glasses and IMF during D/H analyses by SIMS have been documented
(Hauri et al., 2006; Befus et al., 2020); this correlation was attributed to
changes in sputter rate and secondary ion yields of H and D with
changing Hy0O content. Hauri et al. (2006) used a two-step cascade
model to explain IMF observed during their D/H analyses. After
applying a kinetic energy transfer model together with a empirical
regression using glass H, Si, and Fe contents to correct for the observed
IMF, they were able to reproduce their bulk D/H values within 46
analytical uncertainty. In session 3 we find a broad positive correlation
between the S content of our glasses and ion yields of 325~ and 34S~, with
the exception of phonolitic glass LS-17985, which has an approximately
15-20% lower ion yield compared to other glasses with similar S content
(Fig. 6A,B). A correlation between ion yield and S content may indicate
that a similar process causes IMF during SIMS analyses of 3*S/32S ratios
as suggested during D/H analyses by Hauri et al. (2006). However, a
correlation between ion yields and S content is not evident for sessions 2
or 9 in our dataset (see supplementary Fig. S4). We did not measure
SIMS pit depth in the glasses, hence we cannot explore potential cor-
relations between IMF and sputter rate, formation efficacy of S ions, or
the Cs™ concentration at the bottom of the crater floor (Eiler et al.,
1997). Nonetheless, we can hypothesise that sputter rate is unlikely to
strongly correlate with observed IMF. It would be expected that sputter
rate is similar in glasses with similar major element compositions and
physical properties such as density; for example, data presented by
Hauri et al. (2006) shows a broad negative correlation between sputter
rate and density. The three natural glasses from Iceland (A35, A36, and
STAP) are similar in composition (Fig. 1), however they have different
IMF, with STAP being extremely negative in all sessions it was analysed
in. Further sputtering experiments could confirm whether secondary ion
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Fig. 5. R? values calculated using univariate linear regression models between R? and various parameters indicated along the y-axis for mafic glasses (A) and all
glasses (B), using data collected during sessions 2, 3, and 9. During these sessions all nine glasses were analysed. Linear regression models are calculated using cation
fractions of the glasses, normalised to 1. Molar volume (cm®/mol) and density (g/cm®) of the glasses are calculated using the method of Lange (1997).
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Fig. 6. Ion yields of 2S™ (A) and 3*S™ (B) plotted against S content for session 3. Ion yields are expressed as counts (4 s cycle) / S (ppm) / nA primary current. Ion
yields drop approximately 10% (from 1030 to 900) between our most S-rich glass and most S-poor glass in session 3, with the exception of phonolite LS-17985, which
has a significantly lower ion yield (780) compared to the other 8 glasses. In (C) and (D) results of linear and logarithmic regression modelling between observed IMF,
plotted un-normalised to EGT17-01, and S content are shown. The offset between the three curves is caused by EM ageing that resulted in the loss of >*S™ counts over
the two week analytical period. Data are from sessions 2, 3, and 9. In (C) sulfur contents are calculated from 32g- cps/nA, while in (D) S contents are measured by
SIMS (see text for details). All errors are 2¢. Logarithmic fit to the data estimates IMF considerably better than linear models. The IMF of the phonolitic glass LS-17985
is not reproduced by either linear or logarithmic models accurately, likely due to its low ion yields. Data suggest ion yield of sulfur may be composition dependent,
with less efficient ionisation observed in the extremely alkali- and aluminium-rich glass LS-17985.

yields from glasses, or the Cs concentration at the crater floor can
explain, even if just partially, the observed IMF during S isotope ratio
analyses of glasses by SIMS.

Previous studies have not observed IMF during sulfur isotope ratio
analysis of glasses by SIMS; our results indicate this may be because only
one standard material was used for calibration (Gurenko et al., 2001;
Black et al., 2014; Beaudry et al., 2018). Studies of sulfur isotope ratios
measured by SIMS using multiple glass standards are rare: Fiege et al.
(2014) presented analyses of sulfur isotopes from 11 glasses, including
basaltic, andesitic and rhyolitic compositions with known bulk sulfur
isotope ratios, and found no evidence of composition-dependent IMF,
albeit using glasses covering a smaller sulfur content range (521-1830
ppm) compared to those used for this study. Based on data presented in
their paper and using our eq. 5, we calculate that six of the 11 glasses
studied by Fiege et al. (2014) have larger IMF than their reported 2¢
uncertainty of 0.52%o. IMF is up to 3.8%o in their dataset. While Fiege
et al. (2014) uses a linear regression between SIMS and bulk 534S data
(which is close to unity with a constant instrumental bias of 1.84%o) to
correct their data, no discussion is provided on the cause of the differ-
ence between SIMS and bulk 53*S for some of their glasses, which is as
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high as 2.2%o after correction for instrument bias. The analytical pro-
cedures used by Fiege et al. (2014) are different compared to those used
in this work: their analyses were carried out in single-collector mode
using two EM detectors. Different analytical conditions could be the
cause of different observations regarding IMF during sulfur isotope ratio
analysis in glasses. Shimizu et al. (2019) used two MORB glasses with
close to identical composition as standards for their analyses, and no
indication of composition-dependent IMF can be observed in their
dataset. However, they experienced a large drift in measured sulfur
isotope ratios over analytical sessions and a constant offset between bulk
and SIMS sulfur isotope ratios, which we also observe in all of our
sessions.

5.2. Multivariate and non-linear models

It is possible that IMF is not controlled by a single parameter, or by
one parameter that is a combination of multiple independent variables
(such as Na + K), but rather a combination of them, such that different
parameters are required to explain observed variation in measured and
true isotopic ratios (e.g Deloule et al., 1991; Vielzeuf et al., 2005;



Z. Taracsak et al.

Manzini et al., 2017). Non-linear correlations between IMF and various
parameters also have been observed, such as for 50 analyses in oliv-
ines (Eiler et al., 1997), for 5'%0 and 6'3C analyses in carbonates
(Sliwinski et al., 2018), and for §2°Mg analysis in olivines and pyroxenes
(Fukuda et al., 2020).

We performed multivariate linear regression modelling using various
combinations of elements, reported in Fig. 7. Elements were combined
on the basis of their abundance, ionic charge, and to a smaller degree,
their coordination in the glass (tetrahedral or octahedral). We also
calculated a logarithmic regression between IMF and glass sulfur con-
tent (Fig. 6C,D) to explore whether a significant improvement can be
achieved compared to linear fits. Similar to univariate models, multi-
variate regression modelling was carried out for data collected during
sessions 2, 3 and 9.

Multivariate regression models were calculated on three different
sample sets: mafic glasses (Fig. 7A,B), mafic glasses + rhyolite
(including LIP-17714, but excluding phonolitic glass LS-17985, Fig. 7E,
F), and all nine glasses including the phonolitic glass LS-17985 (Fig. 7C,
D). Model calculations were also performed excluding phonolitic glass
LS-17985 as we detected some heterogeneity in the measured sulfur
contents between individual chips, indicated by the large error of EPMA-
derived sulfur contents (~590 ppm 2¢ uncertainty, Fig. 1B). Sulfur
count rates and sulfur isotope ratios often varied significantly between
and during SIMS analyses for LS-17985 (Fig. 2B).

The multivariate models combining alkalis, Al, and other elements
such as Si and Ca show the largest R? values (Fig. 7). Univariate linear
fits for Al, Na and K have R? <0.30 (Fig. 5B), while combining Al-Na-K in

Mafic glasses All glasses

In(S ppm, SIMS)

Si-Al-Fe*-Ti
Si—Al-Na-K
Al-Na-H
Al-Na-K
H-Al
Si-Al
Mg-Fe*-Ca-Mn-Na-K
Mg-Fe*-Ca-Mn
Mg-Fe*

Parameter

0.74 0.64 0.67
0.72 0.72 0.71

0.46 0.33 0.36

0.69 0.67 0.68

0.34 0.22 0.24

0.52

0.29 0.31
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a trivariate regression model results in R? of 0.83 to 0.86 when all
glasses are used (Fig. 7C). Adjusted Rz, calculated as

Ry =1-(1-R)*(n=1)/(n—p-1)) %)

where n is the number of observations and p is the number of predictors,
which is an indicator of whether the addition of a new parameter into
the model improves fits significantly, is 0.72 to 0.77 for the Al-Na-K
model (Fig. 7D), a large improvement compared to univariate models.
Other multivariate models such as Si combined with high abundance
and mostly tetrahedrally coordinated cations (Al, Fe3*, Ti), or combi-
nations of 2+ charged octahedral cations do not improve fits signifi-
cantly compared to univariate linear models, indicated by the
decreasing adjusted R2. Combining total Fe contents with sulfur im-
proves R? but not Rgdj when compared to the sulfur-only model, there-
fore improvement in the fit is minimal compared to the increase seen for
the Al-Na-K model. Combining Al-Na-K with Si shows some improve-
ment in R? and increases Rﬁdj for data collected in session 2 when
compared with the Al-Na-K model (Fig. 7).

If modelling is performed after excluding LS-17985 from the dataset,
R? of the Al-Na-K model increases significantly to 0.87-0.996 (Fig. 7E),
providing a better fit than the univariate regression between IMF and
SIMS-based sulfur contents (including those derived from 32§ cps,
Fig. 5B). Addition of Si into the model at this point does not significantly
increase the quality of the fit, indicated by the lack of increase in
adjusted R? values (Fig. 7F). The cause of the large increase in R? for the
Al-Na-K model after excluding LS-17985 is due to the extremely high
alkali (up to 18 wt% NayO + K50) and Al;03 (>20 wt%) contents of the

Fig. 7. Results (R? in A,C,E and adjusted R?
in B,D,F) of non-linear and multivariate
linear regression models using sulfur isotope
data collected in sessions 2, 3, and 9. Cal-
culations were performed using only mafic
glasses (A-B), all glasses (C—D), and
excluding LS-17985 (E-F). Note the colour
scale difference between (A,C,E) and (B,D,F).
In (B), NA indicates that adjusted R? for the
Mg-Fe?*-Ca-Mn-Na-K model is not appli-
cable as the number of predictors is equal to
the number of fitted values. For regressions
that contain S as a parameter the SIMS-based
<07 S contents were used.

LS-17985 excl.
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0.34 0.21 0.23

s2  S3 89 s2  S3  S9
Session

Session

In(S ppm, SIMS)

Si-Al-Fe*-Ti
Si—Al-Na-K
Al-Na-H
Al-Na-K
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Si-Al 0.53
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phonolithic LS-17985 glass. Due to this extremely high alkali and Al
content LS-17985 will have the strongest leverage on the slopes of the
Al-Na-K regression model.

A logarithmic fit between IMF and glass sulfur content provides a
better fit than the linear models (Fig. 6). Logarithmic fits between IMF
and SIMS glass sulfur contents have R? between 0.85 and 0.91 when all
glasses are included in the fit, while R? is between 0.95 and 0.97 if LS-
17985 is excluded (Fig. 7, Table 2). Linear models fail to fit IMF
values measured in STAP, A35, and TNR14-01, with absolute values of
residuals often > 1%o for these three glasses. However, residuals for
STAP and TNR14-01 decrease to < 1% if a logarithmic model is applied.
(Table 2).

Statistical models clearly show that IMF arising during sulfur isotope
analysis in glasses by SIMS is best predicted by either multivariate linear
regression (Al-Na-K) or non-linear (In(S)) regression models. Instru-
mental mass fractionation during sulfur isotope analysis of glasses by
SIMS is best predicted by either a logarithmic fit to the sulfur content of
the glasses or by a multivariate model using glass Al, Na, and K contents.

5.3. Predicting instrumental mass fractionation using glass chemistry

To test which elements can be used to predict IMF within analytical
uncertainty, the 5°*S values of the analysed glasses were recalculated
using modelled IMF values and compared with glass 5>S measured by
GS-IRMS. As at least three different standard glasses were analysed in
every session, models using one or two predictors can be applied to data
collected in all of the 14 sessions (602 analyses in total). Models with
more than two predictors can only be calculated for certain sessions
(Table 3). If all nine glasses are used during model calculations, the best
performing model is a logarithmic fit to the SIMS-derived sulfur contents
(In(S, SIMS)): 46% and 79% of analysis are reproduced within 1¢ and 2¢
combined analytical uncertainty, respectively. Two regressions
combining either glass S and H contents or total Fe and S contents also
reproduce the bulk 5%%S to a similar accuracy (Table 3.). Both the H—S
and XFe-S models perform > 5% better than the S-only linear model.
Other models only reproduce < 75% of measurements within 2¢ un-
certainty, meaning more than 1 in 4 analyses will still be biased after the
correction is applied (Table 3).

Glass LS-17985 is slightly heterogeneous and its high alkali and Al
content has a large leverage on most regression. If this glass is excluded
from the modelling procedure, both the logarithmic model using sulfur
content measured by SIMS and the multivariate model based on glass Al-
Na-K contents reproduce a larger number of standards within the 2¢
analytical uncertainty. The Al-Na-K model reproduces 86.7% of the
sulfur isotope ratios within 26 uncertainty, while the In(S, SIMS) model
reproduces 83.9% (Table 3). Adding Si as a further parameter to the Al-
Na-K model increases the accuracy of the IMF correction scheme, with
91% analyses reproduced within 2¢ uncertainty, albeit this regression
scheme can only be used for data collected in three sessions due to the
larger number of predictors. These models could therefore serve as po-
tential correction methods for composition-dependent IMF, as more
than eight out of ten analyses will be unbiased within 26 combined
analytical uncertainty after applying these corrections. The In(S, SIMS)
model is preferred to the In(S, EPMA) model; the difference between the
two models likely reflects the inaccurate EPMA data acquired from
glasses with mixed valence S. The Si-Al-Na-K model performs better than
the Al-Na-K model when LS-17985 is included in the dataset, but the
difference becomes relatively smaller (< 5%) once LS-17895 is excluded
(Table 3); either regressions could be used to correct for IMF with a
similar level of accuracy. We note that, due to the transitive nature of
linear regressions, the variable In(S, SIMS) also correlates with glass Al-
Na-K contents; however this is not proof of a causal relationship between
the two variables and observed IMF.

While a logaritmic regression model using cps-based glass S contents
also provides good results in terms of reproducing the real §>*S of our
glass standard (80% if all nine glasses are included), its value is derived
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from the same analyses as the sulfur isotope ratios as it is based on the
325 count rate. Therefore it cannot serve as a fully independent correc-
tion method for composition-dependent IMF during sulfur isotope
analysis. The Al-Na-K model, after the exclusion of phonolitic glass LS-
17985 from the dataset, reproduces standard compositions slightly
better than the In(S, SIMS) model, and is completely independent of the
SIMS analysis as glass Al, Na and K contents derive from EPMA analyses.
Even with the phonolitic glass excluded the Al-Na-K model is able to
reproduce IMF for a large range of chemical compositions, including
alkali-rich and alkali-poor mafic volcanics, and a rhyolite. The phono-
litic glass LS-17985 exerts a disproportionately large control over the
correlation for this model due to its alkali- and Al-rich composition
(Fig. 1), hence this one glass can skew predicted IMF for other standards.
Furthermore, LS-17985 displays some signs of inter-fragment hetero-
geneity as seen in data from session 9 (Fig. 8C, F), which justifies its
exclusion. However, it might still be appropriate as a matrix-matched
standard for evolved alkali volcanic glasses.

5.4. Possible causes and implications of IMF during sulfur isotope
analyses in glasses by SIMS

Processes controlling secondary ion formation during sample
bombardment are not well understood, and cannot be predicted using
current physical models (Hinton, 1995). Therefore no process can be
clearly implicated as the cause of the observed composition-dependent
IMF. During oxygen and hydrogen isotope analyses by SIMS, IMF may
occur due to collision-cascades between secondary ions, as this process
preferentially transfers energy to heavy isotope species (Eiler et al.,
1997; Hauri et al., 2006), and hence causes isotope fractionation.
Generally, such models would be appropriate to explain correlations
between IMF and elements that are abundant in most glasses, such as Si
and Al, as these elements are the most likely to collide with secondary
ions of the analyte. We find indication that the secondary ion yield of
sulfur in glasses may be composition-dependent. In session 3 a broad
decrease in ion yields can be observed in glasses with low S content for
both isotope species (Fig. 6A,B); however, this correlation is not evident
in sessions 2 and 9 (Fig. S4). In most sessions the lowest ion yields are
measured for phonolitic glass LS-17985; this glass has extremely high Al,
Na, and K contents compared to all our glasses, which suggest a link
exists between S ion yields and glass composition. More crucially, this
may provide a link between IMF correlating with S content and glass Al-
Na-K content simultaneously.

The relationship observed between IMF and glass S content could be
explained by a number of analytical artefacts. These include incorrect
deadtime correction on the EM detector measuring >*S™ ions, a minor
overlap between the 82g- peak (mass 31.9721) and the 1605 peak (mass
31.9898), fluctuations of the baseline on the FC detector measuring
32g= or non-linear detector response. As size of the deadtime is count
rate dependent for 34g- (eq. 2), and count rate is itself dependent on S
content, incorrectly estimating deadtime could cause an analytical
artefact resulting in a positive correlation between S content and IMF.
We measured an IMF of < -10%o on STAP, which can only be explained if
we underestimated by ~50 ns (see supplementary material for more
detail). The error of our measured deadtime estimate is < 1 ns, hence we
can exclude incorrect EM deadtime as a possible explanation for the
correlation between IMF and S.

An overlap between the 32S™ and 1803 peaks could cause a correla-
tion between S content and IMF. As seen from the mass scans (Fig. 3), the
effective mass resolution of our analytical setup is ~2060 on the FC
detector, and the two peaks are not fully resolved. All our glasses have
similar O contents (43.9—54.0 wt%), meaning all the 9 glasses will have
1605 peaks of similar intensity; however the size of the 328~ peak is
variable, as the relative S range in the glasses is large (0.05 to 0.34 wt%,
a seven times increase). A peak overlap would cause elevated 82g-
counts compared to 3S™, with S-poor glasses being the most affected,
resulting in a decrease in 3*S/32S with decreasing S content. To test
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Table 2
Results of selected regression models, including residuals, R? and adjusted R? values. These models provide the best fits for sulfur isotope data collected during sessions
2, 3, and 9.

Parameter Session  LS-17985 Residuals R? Adjusted R?
Included
A35 A36 EGT17- HAW- LIP- LS- LS- STAP TNR14-
01 16095 17714 17980 17985 01

S (SIMS) S2 Included 0.3 0.7 05 1.2 0.0 1.9 -1.3 -1.3 -0.7 0.90 0.88
S (SIMS) S3 Included 0.7 1.9 0.7 2.5 -0.7 0.9 -3.1 -1.8 -1.2 0.79 0.77
S (SIMS) S9 Included -0.1 2.3 0.5 2.5 -0.8 1.0 -3.0 -1.4 -1.1 0.84 0.82
S (SIMS) S2 Not included 0.2 0.8 0.2 1.0 0.0 1.7 NA -1.3 -1.0 0.92  0.90
S (SIMS) S3 Not included 0.5 1.6 0.1 2.0 -0.9 0.6 NA -1.8 -2.0 0.88  0.86
S (SIMS) S9 Not included -0.4 1.9 -0.1 2.1 -0.9 0.7 NA -1.4 -1.9 0.91 0.89
In(S, SIMS) S2 Included -0.4 -1.5 0.7 0.8 -0.2 1.1 -1.6 0.5 0.7 0.91 0.90
In(S, SIMS) S3 Included 0.0 1.0 0.9 1.9 -1.0 0.1 -3.6 0.3 0.2 0.85 0.83
In(S, SIMS) S9 Included 1.0 1.3 0.7 1.9 1.1 0.0 -3.4 0.9 0.6 0.87 0.85
In(S, SIMS) S2 Not included -0.5 -1.7 0.3 0.5 -0.3 0.9 NA 0.5 0.2 0.95 0.94
In(S, SIMS) S3 Not included -0.3 0.6 0.1 1.3 -1.1 -0.3 NA 0.5 -0.7 0.97 096
In(S, SIMS) S9 Not included 1.3 0.8 0.0 1.3 -1.2 -0.4 NA 1.0 -0.2 096 0.95
>Fe-S S2 Included 0.1 1.2 04 1.6 -0.3 2.2 -1.2 -0.9 -0.5 0.88 0.84
>Fe-S S3 Included -0.5 0.1 0.6 2.9 0.5 1.2 -1.6 -1.7 -1.5 0.86 0.81
YFe-S S9 Included 1.4 04 0.4 2.9 0.4 1.3 -1.5 -1.3 -1.3 0.88 0.84
>Fe-S S2 Not included 0.1 09 0.0 1.3 -1.0 2.0 NA -0.7 -0.8 0.90 0.86
XFe-S S3 Not included -0.2 0.5 0.1 2.5 -0.5 1.1 NA -1.5 -1.9 0.89 0.85
XFe-S S9 Not included -1.2 0.8 -0.1 2.6 -0.6 1.2 NA -1.1 -1.6 0.91 0.87
H-S S2 Included 0.8 05 0.4 1.0 -0.9 1.3 -1.1 -0.5 -0.5 0.93 0091
H-S S3 Included 0.3 1.0 0.5 2.7 -0.5 1.1 -2.4 -1.2 -1.4 0.85  0.80
H-S S9 Included -0.5 1.4 0.3 2.7 -0.7 1.1 -2.3 -0.8 -1.2 0.88 0.85
H-S S2 Not included 0.8 0.5 0.2 0.7 -1.1 1.1 NA -0.5 -0.7 0.95 0.93
H-S S3 Not included 0.3 1.0 0.0 2.2 -1.0 0.6 NA -1.2 -1.9 0.90 0.87
HS 59 Not included 05 14 02 2.2 1.1 0.6 NA 07 17 092 0.89
Si-Al-Fe®*- S2 Included 0.8 0.3 2.3 -0.9 1.1 -1.2 0.9 -3.6 0.3 0.74 0.49

Ti
Si-Al-Fe®*- S3 Included 1.1 1.2 2.8 0.2 0.8 -1.2 0.9 -4.7 -1.1 0.72  0.45

Ti
Si-Al-Fe®*- S9 Included 0.3 1.4 2.9 -0.2 1.1 -1.1 1.1 -4.7 -0.9 0.76 0.52

Ti
Si-Al-Fe®*- S2 Not included 1.1 0.6 27 0.3 0.2 -1.5 NA -1.5 -0.6 0.85  0.65

Ti
Si-Al-Fe®t- S3 Not included 1.4 0.2 3.1 1.4 -0.1 -1.4 NA -2.6 -2.0 0.79  0.51

Ti
Si-Al-Fe®*- S9 Not included 0.7 0.3 3.3 1.3 0.1 -1.4 NA -2.4 -2.0 0.84 0.63

Ti
Al-Na-K S2 Included 1.0 -1.9 0.0 1.0 -2.1 -1.2 1.5 0.1 1.5 0.83 0.72
Al-Na-K S3 Included 0.9 0.3  -0.5 1.9 -2.1 -2.2 2.0 -0.5 0.8 0.86 0.77
Al-Na-K S9 Included 0.1 0.0 -0.6 1.9 -2.6 -2.6 2.4 0.0 1.4 0.84 0.75
Al-Na-K S2 Not included 0.9 21 05 -0.1 -0.6 0.4 NA 0.3 0.7 0.93 0.87
Al-Na-K S3 Not included 0.7 0.6 0.3 0.3 0.0 -0.1 NA -0.3 -0.2 0.99 098
Al-Na-K S9 Not included 0.1  -04 03 0.0 -0.1 -0.1 NA 0.2 0.1 1.00 1.00
Al-Na-H S2 Included 1.2 -1.1 2.9 0.8 -4.5 -0.7 0.2 -0.5 1.7 0.60 0.37
Al-Na-H S3 Included 0.8 0.4 4.2 2.0 -5.6 -1.5 0.3 -0.7 0.9 0.56  0.30
Al-Na-H S9 Included 0.0 0.1 43 2.0 -6.2 -1.8 0.5 -0.2 1.4 0.57 0.32
Al-Na-H S2 Not included 1.2 -1.1 3.1 0.7 -4.5 -0.5 NA -0.5 1.6 0.61 0.31
Al-Na-H S3 Not included 0.8 -0.4 4.5 1.8 -5.5 -1.2 NA -0.7 0.8 0.56 0.23
Al-Na-H S9 Not included 0.0 0.1 48 1.7 -6.1 -1.3 NA -0.3 1.2 0.58 0.26
Al-Na-K-Ca S2 Included 0.9 -1.5 05 1.3 -1.6 -1.9 1.5 0.0 1.0 0.84 0.68
Al-Na-K-Ca S3 Included 0.9 -0.3 -0.6 1.8 -2.2 -2.1 2.0 -0.5 0.9 0.86 0.71
Al-Na-K-Ca S9 Included 0.1 0.0 -0.6 1.9 -2.6 -2.6 2.4 0.0 1.3 0.84  0.69
Al-Na-K-Ca S2 Not included 0.8 -1.8 1.0 0.1 -0.1 -0.4 NA 0.1 0.2 0.94 0.87
Al-Na-K-Ca S3 Not included 0.7 -0.6 0.2 0.2 0.0 0.0 NA -0.3 -0.2 0.99 0.98
Al-Na-K-Ca S9 Not included -0.1 -0.4 0.3 0.0 -0.1 -0.1 NA 0.2 0.1 1.00 1.00
Si-Al-Na-K S2 Included 1.4 0.6 0.4 0.2 -0.2 -1.9 0.8 -0.7 0.7 092 0.83
Si-Al-Na-K S3 Included 1.1 0.6 -0.3 1.3 -0.8 -2.7 1.6 -1.0 0.3 0.89 0.77
Si-Al-Na-K S9 Included 0.4 1.1 -0.3 1.2 -0.9 -3.2 1.8 -0.7 0.6 0.89 0.77
Si-Al-Na-K S2 Not included 1.1 -1.3 0.6 -0.3 0.2 -0.5 NA -0.3 0.4 0.96 0.90
Si-Al-Na-K S3 Not included 0.7 0.6 0.3 0.3 0.0 -0.1 NA -0.3 -0.3 0.99 098
Si-Al-Na-K S9 Not included 0.1 -02 03 0.0 0.1 -0.2 NA 0.1 0.0 1.00 1.00
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Table 3

Results of IMF modelling using different correction methods. Glass §>*S values
are considered to be reproduced if after applying the IMF correction the resulting
5%%S is within the interval defined by the bulk 6**S + 1 and 26 combined
external uncertainty calculated using eq. 3.
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whether this potential peak overlap is the cause of the observed corre-
lation between IMF and S content, we carried out analyses on a number
of our glasses at 2400 and 4800 mass resolution (see supplementary
Fig. S6). If the correlation is caused by an overlap, IMF would become
more negative for S-poor glasses at low mass resolution, and less nega-

Model Sessions n LS-17985  Reproduced (%) tive at higher mass resolution. We observe no such relationship in data
16 2% collected from the glasses at different mass resolutions (Fig. S6);
- Therefore, we can rule out an overlap as the cause of the IMF-S
S, SIMS (linear) All 602 Included 42.2% 71.8% R
S, SIMS (linear) ~ All 579  Excluded  42.0%  74.3% correlation.
In(S, EPMA) All 602  Included 35.0%  62.5% A drift in the FC baseline (Fig. 3) could also cause a correlation be-
In(S, EPMA) All 579  Excluded  45.4%  73.9% tween IMF and S content: the %S~ count rate on S-poor glasses is
ing’ 2%3 :ﬂ 2(7)5 iandluc:ie(; ZZ'ZZ//" ;g'zz//“ smaller, and would be more sensitive to the size of the FC baseline. We
n(S, xclude 4% .9% . . . .
SFe.s All 602 Included  52.3%  80.6% hypothesise that the. FC base;lme is unlikely to change more than the
SFe-S All 579  Excluded  51.6%  82.0% 10% over an analytical session that would be needed to cause up to
H-S All 602 Included  51.5%  79.2% —12%o IMF on the most S-poor glass STAP. The current amplifier of the
H-S All 579  Excluded = 49.4%  81.0% Cameca IMS-1270 FC-L1 detector is in a temperature controlled envi-
AlNa-K §1,52,83,54,59, 811 385  Included  36.9%  60.0% ronment, therefore no FC baseline drift is expected due to changes in
Al-Na-K S1, S2, S3, 4, S9 332  Excluded 57.5%  86.7% o . o
Si-Al-Na-K $2.53.59 242 Included  42.6%  73.1% current amplifier temperature. The FC baseline noise (i.e. the standard
Si-Al-Na-K $2,3,59 224  Excluded  53.6%  91.1% deviation of the baseline) is close to 4000 counts (16, see supplementary
material for more detail), so most variation in FC baseline may be simply
due to thermal noise. We can also rule out non-linear detector response
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as the cause of the IMF-S correlation, as >2S~ and 3%S™ count rate
correlate linearly, with an R? of 0.999 or better in every session
(Fig. 10B, also see supplementary data).

Sulfur, Al, and alkali contents of the standard glasses could provide
an explanation of what processes cause composition-dependent IMF in
our dataset. Two glasses with the lowest observed IMF (HAW-16095 and
TNR14-01, Fig. 4) relative to our primary drift correction standard
EGT17-01 have the highest glass sulfur contents and lowest Al contents
relative to their total alkali content (Figs. 1, 10). Natural Icelandic
glasses have similar low alkali contents, but somewhat higher Al con-
tents and lower sulfur-to-alkali ratios. However, natural Icelandic
glasses have IMF between —3%o to —12%o (Fig. 4). Glass LS-17980,
which is compositionally very similar to EGT17-01, has an average
negative IMF of —3%o, with the only main difference between the two
glasses being the sulfur content (Fig. 1B) and sulfur-to-alkali ratio
(Figure 10:A). While this points to some degree of connection between
IMF and sulfur-to-alkali ratios in the studied glasses, the correlation is
not clear: EGT17-01 has a considerably lower S/(Na + K) ratio than
HAW-16095, yet the latter sample has a negative IMF. Nonetheless,
some relationship exists between IMF and S/(Na + K) at least for glasses
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with similar total alkali contents, such as the three Icelandic glasses
(Fig. 10A).

Alkalis, such as Na and K, form 1+ ions and are highly reactive.
During sulfur isotope analyses, secondary ions are analysed as 325~ and
345~ hence it is possible that negative sulfur ions interact with positively
charged alkalis as the sample is ionised by the primary beam, producing
complexes such as NaS™ and KS™. Mass scans on the EM detector indi-
cate a peak adjacent to the 3*S™ peak at mass ~33.890, corresponding to
H%3S~ (supplementary Fig. S5). For HAW-16095, the H33S™ count rate is
0.1% of the 3*S™ count rate (supplementary Fig. S5). Isotope 3§ is
around six times less abundant than 3#S, which could indicate complex
formation between 1+ charged ions like H', Na', and Kt and sulfur
ions, both 1- and 2- charged, may be an effective process. Mass spectra
suggest one H33S™ ion forms for every 170 23S~ ion in HAW-16095,
which decreases to one in 490 for STAP. As the electronegativity dif-
ference between alkalis and sulfur is relatively large (1.65 between S and
Na, 1.76 between S and K) these bonds would be strongly ionic. If NaS
and KS molecules form during beam-sample interaction they should
preferentially incorporate heavier 3*S, as more complex, ionic bonded
material favours the heavier isotopic species (Schauble, 2004). This
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would result in the loss of 34~ ions relative to 32S~ that reach the de-
tector, causing a decrease in measured 53*S. If 3*S™ is lost dispropor-
tionately during ion beam-sample interaction to alkali elements, that
could serve as a possible explanation for the correlation between the Al-
Na-K regression model and observed IMF, albeit this process would
likely require very effective isotope fractionation to be a feasible
explanation.

A further consideration relates to caesium that becomes concen-
trated at the crater floor during primary Cs* beam bombardment. The
concentration of Cs at the crater floor can be calculated from sputter
yield (Eiler et al., 1997). We did not measure sputter yield from our
glasses, although such data may provide further insight into the physical
causes of IMF during S isotope analyses. Measurements carried out using
Na' and K" primary beams on pure silicon show that these elements are
effectively implanted into the sample surface due to their comparatively
low sputter yields (Lareau and Williams, 1985). Therefore, it may be
possible that Na and K content at the crater floor are elevated, hence
these elements could influence S ion yields and cause subsequent isotope
fractionation. Sodium and K would be further concentrated at the crater
due to their low ion yields under a Cs* beam (Ireland, 2004), meaning
small amounts of alkalis are extracted from the sample surface. For D/H
isotopes, Hauri et al. (2006) suggested cascade collisions between sec-
ondary ions of H and D with other secondary ions resulted in isotope
fractionation. This also offers a possible explanation for the observed
IMF, although IMF generally does not correlate well with high abun-
dance matrix elements like Si in our dataset (Figs. 5 and 7). Alkali ele-
ments are unlikely to form secondary ions during Cs* bombardment due
to their low negative secondary ion yields, meaning S ions would be
unlikely to collide with them during cascade collisions, so this process is
not a feasible option to explain the IMF and Al-Na-K correlation.

A possible test for the hypothetical complex formation model is the
measurement of KS~ and NaS~ count rates, ideally alongside 345,325
within glasses, which would reveal any correlation between IMF and
alkali-sulfur complex formation during sample beam interaction. How-
ever such measurements would be difficult to carry out in multi-
collection mode due to the large mass difference between sulfur
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(masses 32 and 34), NaS (masses 55 and 57), and KS (masses 71 and 73)
ions. Further work is required to better identify the causes of
composition-dependent IMF, possibly using a larger set of felsic glass
standards, with highly variable Al and alkali contents, to investigate
possible interactions between Al, alkalis, and sulfur during sample-beam
interaction. Measurement of sputter rate, and subsequent calculation of
S ion sputter yields, ionisation efficiency, and Cs concentration at the
bottom of the crater floor are further possible tests that may help
identify the cause of IMF during S isotope ratio analyses of glasses by
SIMS.

The correlation between IMF and glass Al-Na-K contents could have
important consequences for sulfur isotope analysis of glasses and crystal-
hosted melt inclusions from silica-rich volcanic systems, such as I- and S-
type granites, rhyolites, and dacites, which cover a wider range of Al and
alkali contents compared to most mafic magmas. Evolved alkaline
magmas, such as trachytes and phonolites, would be affected by even
larger IMF. Magmatic ore deposits are frequently linked to intrusions of
I- and S-type granites, and hence their sulfur isotopic compositions may
be of interest; however, the effects of IMF and the use of appropriate
standards must be further considered if the sulfur isotopic compositions
of silica-rich melts are to be studied by SIMS.

5.4.1. Session-by session variation in measured glass sulfur isotope ratios
Multivariate regression models, such as the Al-Na-K correction
scheme, require the number of measured standards to be greater than
the number of predictors (i.e. elements used in the fitting). This would
require a large number of standards to be measured during each session.
It is therefore important that the composition-dependent part of the IMF
can be robustly predicted from one session to another, even after
measuring just a few standards. Apart from IMF dependent on glass
composition, the absolute value of measured sulfur isotope ratio by SIMS
will be influenced by other factors such as detector sensitivity, EM
ageing, and changes in primary and secondary ion beam conditions. This
composition-independent IMF should produce a constant offset in
measured sulfur isotope ratios, evident from the near-parallel fits be-
tween glass sulfur content and IMF for session 2, 3, and 9 (Fig. 6).
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Instrumental mass fractionation calculated using both the Al-Na-K
multivariate regression model and the logarithmic fit to glass sulfur
contents produces near-parallel fits when compared to measured IMF
(supplementary Fig. S3). This indicates that these correction schemes
provide a reliable way to predict the composition-dependent component
of the total IMF between different sessions; a few standards analysed
regularly in each session are sufficient to obtain a good estimate for the
constant offset in IMF that is composition-independent, i.e. instrument
related. The calibration for composition-dependent IMF should be
ideally carried out before the analysis of unknown samples.
Composition-dependent IMF in our dataset stays constant for a relatively
long (up to two weeks) time. As the multi-collector procedure used in
this work only requires a short (< 4 min long) analysis time per mea-
surement this approach enables the acquisition of large datasets in a
relatively short time frame.

6. Conclusions

Sulfur isotope analyses of nine glass standards by multi-collector
SIMS reveal significant composition-dependent instrumental mass
fractionation effects in measured sulfur isotope ratios. The magnitude of
the IMF is up to —12%o in some glasses, and is greater than the analytical
uncertainty of 0.7-2%o (20) even at low sulfur contents (< 600 ppm).
This result contrasts with previous studies where composition-
dependent IMF during sulfur isotope ratio analyses was shown or
assumed to be negligible. Multiple glass standards with known isotopic
ratios covering at least the compositional range of unknown samples are
required to investigate and accurately correct for composition-
dependent IMF during multi-collector SIMS analysis of sulfur isotope
ratios in glasses. Standard deviations measured for each session are
lower than external uncertainty for eight of our nine glasses, hence they
are suitable as primary standards; the one exception is our phonolitic
glass, which displays heterogeneity above analytical uncertainty in
terms of both sulfur content and sulfur isotope composition. Low
analytical errors associated with count rates of both isotope species and
drift correction reveal that SIMS offers a feasible way of discriminating
per mille level changes in sulfur isotope ratios at the resolution of tens of
microns in silicate glasses.

Statistical analysis using univariate, non-linear, and linear multi-
variate regression models reveals that observed IMF correlates loga-
rithmically with glass sulfur content. A strong correlation is also
observed between IMF and a multivariate regression model comprised of
Al, Na, and K as predictors. After exclusion of our least reproducible
phonolitic glass standard from the dataset we find that the In(S) and the
Al-Na-K multivariate regression models reproduce the bulk sulfur
isotope ratios of the glasses for 84% (486 out of 579, 14 sessions) and
87% (288 out of 332, five sessions) of analyses within 20 combined
external uncertainty, which is between 0.6%o. and 1.5%o for our glasses.
Overall the Al-Na-K and the Si-Al-Na-K regression models offer the best
accuracy when correcting for composition-dependent IMF. The corre-
lation between IMF and glass S content resembles previous observations
during D/H analyses of glasses by SIMS. Instrumental mass fractionation
during sulfur isotope ratio analysis of glasses could be caused by alkali
element accumulation at the bottom of the crater floor during sputtering
or the formation of complex ions between alkali elements and sulfur
during sample-beam interaction. Our standard set is useful to charac-
terise composition-dependent IMF during analysis of sulfur isotopes in
glasses by SIMS regardless of the process that causes the isotopic bias,
and can be used to predict IMF for a large range of mafic glass compo-
sitions, while also being applicable to certain silica-rich glasses such as
alkali-rich rhyolites. Further work, possibly using a larger standard set,
and including sputtering experiments, is recommended to better un-
derstand sulfur isotope fractionation during glass SIMS analyses.
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