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The sulfur speciation in S-bearing minerals: New constraints by a combination of electron
microprobe analysis and DFT calculations with special reference to sodalite-group minerals
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ABSTRACT

In this work, we present an improved method for the semi-quantitative determination of sulfur
species in S-bearing minerals by electron microprobe analysis. For calibration, we analyzed several
sulfate and sulfide standard minerals such as baryte, celestine, chalcopyrite, and pyrite, and correlated
the results with theoretical calculations retrieved from density functional theory (DFT). We applied
this method to natural sodalite-group minerals from various localities. In addition, we applied the
more common Raman spectroscopy to some samples and show that this method cannot be applied to
sodalite-group minerals to determine their sulfur speciation. We show that even though sodalite-group
minerals have a complex crystal structure and are sensitive to the electron beam, electron micro-
probe analysis is a reliable tool for the analysis of their sulfur speciation. The natural sodalite-group
minerals show systematic variations in sulfur speciation. These variations can be correlated with the
independently determined oxidation state of the parental magmas thus making S-bearing sodalite-
group minerals good redox proxies, although we show that the electron microprobe analysis of the
sulfur speciation is matrix-dependent, and the sulfur speciation itself depends on crystal chemistry

and structure, and not only on fo,.

Keywords: Sulfur speciation, igneous, sodalite, oxygen fugacity, electron microprobe, Raman
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INTRODUCTION

The analysis of redox-sensitive elements attracts much at-
tention in geosciences because the redox state is an important
intensive parameter. In addition to iron and carbon, sulfur is one
of the most common redox-sensitive elements in nature (Behrens
and Webster 2011).

Carroll and Rutherford (1988) used an electron microprobe
(EMP)-based method to determine the sulfur speciation in
basaltic glasses, but did not consider systematical errors due
to standardization. Mori et al. (2009) used X-ray emission
spectroscopy to study the oxidation state of sulfur in synthetic
materials and showed a good correlation between the energy
of the Ka,, X-ray line and the charge of natural and synthetic
sulfur-bearing solids calculated by density functional theory.
Several studies using a broad range of methods have been
utilized to investigate the sulfur speciation of sodalite-group
minerals (SGM) and synthetic equivalents (Di Muro et al. 2004;
Gobeltz-Hautecoeur et al. 2002; Lede et al. 2007; Bellatreccia et
al. 2009; Hassan 2000; Fleet 2005; Fleet et al. 2005; Goslar et al.
2009). However, the methods used are mostly time-consuming
and not easily accessible, whereas EMP analysis is commonly
used in geosciences, and offers a very good spatial resolution
of a few cubic micrometers. Here, we present an approach to
determine sulfur speciation in SGMs using EMP analysis (cf.
Carroll and Rutherford 1988). We combine these analyses with
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DEFT calculations because good correlations between calculated
atomic charges and bonding properties and related changes in
the X-ray emission spectra are seen in these calculations (Segall
et al. 1996; Mori et al. 2009). Furthermore, we compare Raman
spectra of natural samples with theoretically predicted spectra
to assign the observed Raman bands to specific vibration modes
of different anions. This allows us to explore the possibilities
of quantification of the content of sulfur species in SGM by
Raman spectroscopy.

Density functional theory allows the prediction of the elec-
tronic structure of theoretical compounds (Giannozzi et al. 2009).
The electronic structure with the lowest energy is calculated
iteratively by solving the Schrodinger equation for the electrons,
using the electron density to approximate the electron-electron
interactions. The resulting electronic structure can be used to
calculate other properties like atomic charges of the constituting
atoms and vibrational energies.

Sodalite-group minerals are common in alkaline magmatic,
hydrothermal, and some rare meta-evaporitic rocks (e.g., Hogarth
and Griffin 1976; Di Muro et al. 2004; Suk et al. 2007; Markl
et al. 2010). They have a zeolite-like cubic structure with two
structural cavities per unit cell (van Peteghem and Burley 1963;
Merlino 1984; Fischer and Bauer 2009). The structural frame-
work is made up by silica-, alumina-, or beryllium-tetrahedra
with inter-framework sites either occupied by Na and Ca or
by Fe, Mn, and Zn (see Fig. 1; for an overview on SGM end-
members see Table 1). Solid solutions are known to be common
between the Na- and Ca-bearing end-members (van Peteghem
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FIGURE 1. Crystal structures of sulfur-bearing sodalite-group minerals as calculated by DFT (this study): (a) lazurite; (b) genthelvite; (¢) nosean.
The colors for the elements are shown in the legend, and O atoms are not shown, but incorporated into tetrahedra.
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TABLE 1. Overview of the endmembers of the sodalite-group

End-member Formula
sodalite-subgroup
sodalite NagAleSic0,,Cl,
nosean NagAlsSis0,,50,
hauyne NagCa,AlsSis0,4(S0,),
lazurite NagAleSis0,,S
tugtupite-subgroup
tugtupite NagBesSis0,,Cl,
danalite-subgroup
danalite FesBesSis0,4,Cl,
genthelvite ZngBeySis0,,Cl,
helvite MngBe;Sic0,,Cl,

and Burley 1963; Taylor 1986; Di Muro et al. 2004), excluding
the rare tugtupite (for which no data on solid solutions exist),
and between the Fe-, Mn-, and Zn-bearing end-members (Has-
san and Grundy 1985).

The structural cavities are usually occupied by chlorine,
sulfur species, carbonate, or molecular water (e.g., Kotelnikov
et al. 2005; Bellatreccia et al. 2009; Fleet et al. 2005). The two
important sulfur species in natural SGMs are sulfate (SO3°) and
sulfide (S*) (Fleet et al. 2005), which can continuously substitute
for each other (Hassan 2000; Wulff-Pedersen et al. 2000). The
sulfate/sulfide ratio can in principle be used to investigate the
redox conditions during their formation (Carroll and Rutherford
1988; Markl et al. 2010), since reactions between sulfide and
sulfate species are fo, dependent. In addition, the formation of
sodalite itself can have a major influence on volatile contents and
on the redox state of peralkaline melts (Stormer and Carmichael
1971; Markl et al. 2010).

SAMPLE DESCRIPTIONS

Anhydrite (CaSO,), baryte (BaSO,), celestine (SrSO,), galena
(PbS), and molybdenite (MoS,) from the MINM25-53 Astimex
Scientific Limited mineral mount and chalcopyrite (CuFeS,),
covellite (CuS), and pyrite (FeS,) from a Micro Analytical
Consultants mineral mount (Std.-Nr. 4569) were used for the
calibration of the EMP.

Natural SGM samples analyzed after the calibration proce-
dure were taken from collections of the authors. They come from
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the Ilimaussaq magmatic complex, southwest Greenland (the
type locality of sodalite), the Laacher See volcanics, Germany
(the type locality of nosean), the magmatic Mont Saint-Hilare
complex, Canada, and from a meta-sedimentary rock series from
Afghanistan. One historical sample labeled as “Lasurstein” from
“Persia” (most probably from Afghanistan) was taken from the
mineral collection of the University of Tiibingen. The samples
from the Ilimaussaq intrusion include sodalite and helvite, the
samples from Laacher See nosean and hauyn, the samples from
Mont Saint-Hilare sodalite and the sample from Afghanistan
lazurite. The sodalite samples from the Ilimaussaq intrusion are
cumulus crystals (~5 mm in diameter) from an agpaitic neph-
eline syenite, whereas the helvite sample is a euhedral crystal
(~2 mm in diameter) from a hydrothermal microcline-rich vein.
The sodalite from Mont Saint-Hilare is from a nepheline syenite
and euhedral with ~2 mm diameter. The Laacher See samples
are euhedral crystals of about 2 mm in a fine-grained volcanic
matrix. The samples from Afghanistan and “Persia” are blue
aggregates in a fine-grained metamorphic rock, consisting of
SGM, pyrite, and carbonates. The SGM in these samples are
very fine-grained at a scale of about 50 um.

ANALYTICAL APPROACH

Electron microprobe (EMP) analysis

Analyses were performed at Tiibingen University using a JEOL 8900 Super-
probe with 15 kV acceleration voltage and 20 nA beam current. A focused beam
was used for sulfate and sulfide standard minerals whereas a 20 pm probe diameter
was used for SGM minerals to prevent destruction and loss of Na. Test analyses in
the course of this study on baryte did not show any significant variations in the peak
position of the SKa, , X-ray line of the standard materials in relation to variations
in beam diameter, beam current or acceleration voltage. The emitted X-rays were
detected using pentaerythritol (PET) crystals combined with an XCE-type and
an H-type wavelength-dispersive X-ray spectrometer, respectively. The smallest
available detector slit of 300 pm was used at the XCE-type spectrometer, while the
H-type spectrometer has a fixed detector slit of 500 um. The crystals were scanned
with a step size of 4 pm corresponding to a change in energy of ~0.05 eV every 8
s. To reduce the total measurement time, only the central part of the SKa, , X-ray
line between 2304.96 and 2312.32 eV was recorded (see Fig. 2). The resulting
spectrum was fitted with a pseudo-Voigt function, because these functions are
ideal for the interpretation of wavelength-dispersive spectra (Remond et al. 2002).
These fits are in good agreement with the acquired data in the complete energy
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range shown in Figure 2. The maxima estimated from these data are identical
within error with the maxima estimated by applying the fit to the restricted energy
range (gray area in Fig. 2).

We observed small variations of the SKa, , peak position with time, which is
related to small temperature fluctuations in the lab (within 2 °C) causing thermal
expansion of the PET crystal (Barrio et al. 1994). This expansion is significant in
relation to the variations in peak position observed in the samples. To correct for
these “artificial” variations, sphalerite was analyzed before and after each analysis.
The fitted peak positions were then corrected to a sphalerite peak position 0f2307.56
eV for the XCE-type spectrometer and 2308.19 eV for the H-type spectrometer.
The resulting uncertainty was calculated from five sequential bracketing analyses
(given as 20 in Tables 2 and 3).

Raman spectroscopy

The Raman spectra were obtained using a Renishaw InVia Reflex p-Raman
spectrometer. The laser had a wavelength of 532 nm, was focused with a backscat-
tering geometry and analyzed with an 1800 L/mm grating. An edge filter and a 50x
object lens (numerical aperture 0.55) were used, resulting in a ~2 pm spot size.

1655

The samples have been analyzed in arbitrary orientation since the scope of this
study was the in situ analysis of the sulfur speciation. Orientation of the samples
was not possible due to practical difficulties.

Theoretical calculations

Theoretical calculations were performed using the plane wave electronic
structure package QUANTUM ESPESSO (Giannozzi et al. 2009) carried out at
the computational facilities of the bwGRiD project at the University of Tiibingen,
Germany. In particular, we performed calculations on the atomic charge of sulfur
in various mineral phases including baryte, sphalerite, celestine, pyrite, galena,
nosean, lazurite, and Zn-bearing genthelvite. Zn-bearing genthelvite was used,
because helvite is Mn-bearing and the electronic structure of Mn is not well
described using density functional theory. Calculations were performed using the
generalized gradient approximation (GGA) within the PBE exchange correlation
formalism (Perdew et al. 1996), which takes the electron density and its gradient
at each point into account. Ultrasoft pseudopotentials were employed, excluding
semicore s- and p-states for Na and Al. Cutoffs and the number of k-points were
tested for convergence. The charge of the atoms was calculated using Lowdin

2,308.91
aenaenenen SKOy 5 + SK3 4
SKay ,
,,,,,, SKatss
2,308.89
2,295 2,300 2,305 2,310 2,315 2,320 2,306 2,308 2,310 2,312
c energy [eV]

2,295 2,300 2,305

2510 2315 2,320

energy [eV]

2,306
energy [eV]

FIGURE 2. SKu, , X-ray spectra of a nosean sample (KHSO4) detected by a PET crystal in an XCE-type spectrometer (a and b) and an H-type
spectrometer (¢ and d), respectively. For comparison, complete peaks at a lower resolution (a and ¢) and the energy range used at a higher resolution

(b and d) are shown.

TABLE 2. Analyses of standard materials and results of theoretical calculations on end-members

Mineral Chemical formula Sulfur Ka, , peak positions (eV + 20) DFT atomic charge
XCE-type spectrometer H-type spectrometer
Sulfides
chalcopyrite CuFeS, 2307.76 £ 0.08 2307.56 + 0.02 not calculated
covellite CusS 2307.79 +£0.11 2307.58 +0.06 not calculated
galenite PbS 2307.55 +0.06 2308.16 £ 0.10 6.29
genthelvite ZngBegSic0,.S, see Table 3 see Table 3 6.72
lazurite NagAlsSic0,,S see Table 3 see Table 3 4,62
molybdenite MoS, 2307.82 +£0.04 2307.55+0.02 not calculated
sphalerite ZnS 2307.79 £0.07 2307.61+0.03 7.13
Polysulfides
pyrite FeS, 2307.84 £0.06 2307.59 £ 0.04 5.91
Sulfates
anhydrite CaSo, 2308.84 +0.01 2309.46 +0.20 not calculated
baryte BasoO, 2309.24 +£0.04 2308.91 +0.05 2.82
celestite SrSO, 2309.17 £0.14 2309.71+£0.24 2.73
nosean NagAleSic0,,50, see Table 3 see Table 3 3.57




1656

TABLE 3. Results of the analysis of natural samples
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Sample Locality Sulfur Ka, , peak positions [eV + 20]
XCE-type spectrometer H-type spectrometer

Hauyn

KHSO3 Laacher See 2309.02 +0.05 2309.34 £ 0.01
Helvite

KH99 llimaussaq 2307.68 £0.10 2308.29 +0.02

“Lazurite”

KHSO5 Afghanistan 2308.98 + 0.05 2309.02 +0.11

KHSO2 “Persia” 2309.10 + 0.06 2308.98 +0.11
Nosean

KHSO4 Laacher See 2309.10+0.16 2309.31+£0.03
Sodalite

GM1369 llimaussaq 2308.43 £ 0.04 2308.25 £0.07

GM1344 llimaussaq 2308.23 £ 0.05 2308.44 +0.11

MH45 Mont-Saint Hilaire 2308.74 +0.15 2308.73 £ 0.07

MH90 Mont-Saint Hilaire 2308.74 + 0.05 2308.73 £ 0.06

analysis (Léwdin 1977). The calculated crystal structure and atomic positions of all
investigated phases (for the SGM see Fig. 1) were compared to the IMA-accepted
experimental values and show agreement within 10% for the lattice parameters.
In addition, Raman spectra for the sodalite and nosean end-members have
been calculated using the same software [see Baroni et al. (2001) and Lazzeri and
Mauri (2003) for details]. The vibrational energies are calculated from the first- and
second-order derivatives of the potential energy surface of the electron density. In
contrast to the calculation of the atomic charges, this has been executed using the
local density approximation (LDA) (Perdew and Zunger 1981), which only takes the
electron density at each point into account, and norm-conserving pseudopotentials,
because the calculation of Raman spectra is not implemented for the method used
above. Again cutoffs and the number of k-points were tested for convergence and
for a theoretical sulfide-bearing end-member of SGM no convergence in the phonon
calculation was reached. The spectra have been calculated by using Gauss distribu-
tions on each theoretical band. The calculations include the forces acting on every
atom in each band, which can be used to attribute all bands to specific vibrations.

RESULTS

EMP analysis of sulfate and sulfide standard minerals

The SKa, , peak position varies within two distinct groups.
The first group includes the analyzed sulfide minerals galena,
molybdenite, chalcopyrite, covellite, and pyrite, and is restricted
to an energy range between 2307.55 eV for molybdenite and
2308.16 ¢V for galena on the H-type spectrometer (see Fig. 3a
and Table 2). The analyses on the XCE-type spectrometer show
slightly lower energies between 2307.55 eV for galena and
2307.82 eV for molybdenite (see Fig. 3a and Table 2). In contrast,
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the analyzed sulfate minerals show significantly higher energies
of the Ka, , peak positions. They range from 2308.84 eV for an-
hydrite to 2309.24 ¢V for baryte using the H-type spectrometer.
Analytical results produced by the XCE-type spectrometer show
a larger spread between 2308.91 eV for baryte and 2309.71 eV
for celestine (see Fig. 3a and Table 2).

Theoretical calculations of the atomic charge of sulfur
species in different minerals

Calculations for the atomic charge of sulfur were performed
for baryte, sphalerite, celestine, pyrite, and galena and for the
sulfur-bearing end-members of the sodalite-group minerals
nosean, lazurite, and genthelvite. The calculated atomic charges
represent the partial amount of the outer electrons (3s and 3p),
which can be attributed to the sulfur atom. They are representa-
tive of the valence state and the bonding properties of sulfur in
the analyzed minerals (Segall et al. 1996).

Again two distinctive groups namely sulfidic and sulfatic
phases (see Fig. 3b and Table 3) emerged. Sulfides and sulfide-
bearing phases have more electrons attributed to the sulfur atom
than sulfates: the number of 3s- and 2p-electrons range from 5.91
in pyrite to 7.12 in sphalerite. On the other hand, the sulfur atom
in the sulfidic sodalite-end-member lazurite has only 4.62 3s- and
2p-electrons. In genthelvite, sulfur has 6.72 3s- and 2p-electrons.
The sulfur in the sulfate-bearing phases has distinctively less
3s- and 2p-electrons attributed to the sulfur atom: 2.74 for ce-
lestine to 2.82 for baryte and 3.57 in the sulfate-bearing sodalite
end-member nosean.

EMP analysis of SGM samples

The natural samples analyzed in this study produce sig-
nificantly lower intensities of the SKa,, X-ray line than the
standards, because of their lower sulfur concentrations. In
some analyses of chlorine-dominated sodalite samples, no clear
peak could be observed in the data obtained by the XCE-type
spectrometer. In very few analyses (not shown on figures), even
a clear peak also could not be observed in the data from the H-
type spectrometer. Quantitative analysis showed that the lowest
sulfur concentrations in samples, where at least one peak could
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FIGURE 3. (a) Comparison of SKa, , peak positions of standard minerals analyzed by an XCE- and an H-type spectrometer, respectively. (b)
Comparison of SK«; , peak positions analyzed by an XCE-type spectrometer with calculated numbers of 3s- and 3p-electrons.
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be observed, is about 2000 ppm.

The observed SKa,, peak positions show a large spread.
Nosean from the Laacher See volcanics has a SK«, , peak posi-
tion 0£2309.10 + 0.16 and 2309.31 + 0.03 eV for H- and XCE-
type spectrometer, respectively (see Fig. 3a). Hauyn from the
same locality gives results within an identical range (2309.02
+ 0.05 and 2309.34 + 0.01 eV). The SKu,, X-ray line of the
helvite sample, in contrast, has distinctively lower energies. It
has peak positions of 2307.68 + 0.10 and 2308.29 + 0.02 eV,
respectively (see Fig. 3a). The sodalite samples showed peak
positions between 2308.25 and 2308.74 eV using the H-type
spectrometer and between 2308.87 and 2309.06 eV using the
XCE-type spectrometer (see Fig. 3a). Various samples from
identical localities show reproducible and distinctive SKu, , peak
positions. The highest energies we found are associated with
samples from “Persia” and Afghanistan, intermediate energies
are associated with samples from Mont Saint-Hilare, Canada, and
the lowest energies are associated with samples from Ilimaussaq,
southwest Greenland.

Raman spectroscopy

Two kinds of Raman spectra have been obtained in the course
of this study, theoretically predicted spectra and experimental
spectra of natural samples, both for sodalite and nosean. The
spectra for sodalite match well (see Figs. 4a and 4c): all predicted
bands occur in the analyzed spectra within 50 cm™ in Raman-shift
and are in good agreement with the predicted relative intensity.
Opverall, the spectra show two major groups of bands, one in the
range between 200 and 500 cm™', and the other one between 900

a) Sodalite, llimaussaq
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and 1150 cm™'. The two most intensive bands in both spectra
are at ~450 cm! and slightly below 1000 cm™. The theoretical
spectrum for nosean shows less agreement with the spectrum of
the natural sample (see Figs. 4b and 4d). However, most bands
observed in the natural sample can be related to the theoretically
predicted bands. The overall spectra show similarities to the
sodalite spectra, again with two major groups of bands between
200 to 500 cm™ and between 900 and 1150 cm™. In contrast to
the sodalite spectra the most intensive band in the theoretical
spectra is at ~920 cm™, but the second most intensive band is
again slightly below 1000 cm™.

DISCUSSION

Analytical parameters of the EMP

The determination of the oxidation state of sulfur in SGMs
is non-trivial since their sulfur content can reach levels below
the detection limit of classical EMP analysis in some samples.
Furthermore, SGMs are frequently affected by low-temperature
(hydrothermal) alteration, which results, for example, in the
partial reaction to zeolites, and may also change the sulfur spe-
ciation. This effect of secondary alteration can only be excluded
if in situ methods with high spatial resolution are used. Hence,
SGM sulfur analysis requires a method with relatively low limits
of detection and high spatial resolution, which should preferably
be relatively quick, easily available, and inexpensive, to enable
its usage routinely. All these arguments support the use of the
electron microprobe.

Since sodalite is a mineral that can be damaged by long-time

b) Nosean, Laacher See

0 200 400 600 800 1000 1200 1400
Raman-shift [cm™]

c) Sodalite, calculated CiNag-

tetrahedra
/ stretching

symmetric
AlfSi-tetrahedra
stretching

Na-O with

0 200 400 600 800 1000 1200 1400
Raman-shift [cm™]

d) Nosean, calculated sy"'sg:"ic
stretching

symmetric
AlfSi-tetrahedra

stretching
AlfSi-tetrahedra

bending
asymmetric

Alshtetrahedra asymmetric asymmetric AI/Si-0 with e
9 strong Si- and strong Al- and AlSi-tetrahedra 9

\ symmetric asymmetric weak Al-tetrahedra Il ek Si-tetrahedra AVSi-O-[] bending symmetric
CINag- AlSI- Al/Si-tetrahedra stretching stretching with Al/Si-tetrahedra symmetric SO AlfSi-tetrahedra

tetrahedra tetrahedra bending  AI/Si-O with i bending AN Y hending stretching

ending bending / Al/Si-tetrahedra asymmetric / asymmetric SO4 i

Al/Si-tetrahedra " V\asvmmetrm

tretchi
/ /s retching " atretching bending S04
JJ stretching
N M
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400

Raman-shift [cm™]

Raman-shift [cm™]

FIGURE 4. Raman spectra of sodalite (a and ¢) and nosean (b and d), theoretically predicted (a and b) and real spectra acquired on natural
samples (¢ and d) are shown. The bands related to anions in the structural cavities are labeled in bold.
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exposure to an electron beam (Johnson et al. 1978), the mea-
surement time has to be minimized. In this work, this has been
achieved by restricting the analyzed energy range. Furthermore,
we used both the H-type and an XCE-type spectrometer. The H-
type spectrometer detects signals of low intensity better than an
XCE-type spectrometer, resulting in higher count rates. In con-
trast, the XCE-type spectrometer has a higher energy resolution
than the H-type spectrometer. Using this combination renders
it possible to analyze SGM samples with sulfur contents as low
as 2000 ppm, which is higher than the detection limit of Raman
spectroscopy on magmatic glasses (Wilke etal. 2011). However,
the detection limit in Raman spectroscopy is strongly dependent
on the fluorescence, which is extremely high in SGM (Klimm
and Botcharnikov 2010).

We emphasize that the SKo,, X-ray shift due to thermal
variations during analysis has to be monitored and corrected for,
since they are significant in relation to the high-energy resolution
required. For this reason, all analyses have to be performed by
the standard bracketing method. If all these factors are taken into
account, the analysis of the sulfur speciation by electron micro-
probe provides reproducible and at least semi-quantitative results.
However, in the case of SGM we expect differing positions for
different end-members (e.g., helvite) and therefore theoretical
calculations need to be taken into account (see below).

Combining DFT calculations and EMP analytical results

Theoretical predictions on the charge of sulfur atoms in vari-
ous natural and synthetic compounds showed a good correlation
with X-ray emission spectroscopic results (Mori et al. 2009).
We observe the same relationship in our study for the electron
microprobe analyses of standard materials (see Fig. 3a). It is
interesting to note, however, that pyrite does not strictly follow
this relationship. This is caused by the fact that pyrite does not
contain simple sulfidic sulfur but the polysulfide S3- ion (Mori
et al. 2009). This difference causes changes in the electronic
fine-structure of the SKa,, X-ray line not resolvable by elec-
tron microprobe. However, simple sulfate (SO7) and sulfide
(S*) anions, which are much more common in nature (Fleet
et al. 2005), show a simple relationship with the theoretical
charge predictions. This relationship can be used to “calibrate”
other sulfur-bearing phases by inferring the end-member peak-
positions from the calculated charge of the sulfur atom.

However, theoretical predictions show that sulfidic sulfur in
SGMs has atomic charges differing from sulfur in simple sulfide
materials. The charge differs significantly between the Fe/Mn/
Zn- and the Na-bearing end-members. To our knowledge no
solid solution between the Fe/Mn/Zn- and Na/Ca-bearing end-
members is known to exist and the occupation of the structural
cavities differs (in the Fe/Mn/Zn-bearing end-members both
structural cavities are occupied by sulfide anions to maintain
charge balance, whereas only one is occupied by sulfide anions
in the Na/Ca-bearing end-members), therefore we treat Fe/
Mn/Zn- and Na/Ca-bearing end-members differently. Since no
standard materials of sulfide-bearing sodalite-group minerals are
available, we chose to use the theoretical predictions to calibrate
our analytical procedure using the calculated atomic charges
of sulfur. This leads to the conclusion that the position of the
SKa, , X-ray line differs between Na/Ca- and Fe/Mn/Zn-bearing
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sodalite-group minerals. The position of the SKa, , X-ray line in
Fe/Mn/Zn-bearing sodalite-group minerals is in the same range
as the one of other phases containing sulfidic sulfur such as
chalcopyrite and galena. In contrast, the position of the SKa, ,
X-ray line in Na/Ca-bearing sodalite-group minerals shows an
offset to higher energies, which would cause an underestimation
of'the sulfidic sulfur, if only simple sulfide mineral standards are
used and no calculation would correct for it.

Raman spectroscopy of natural samples and DFT results

The theoretical spectra obtained by DFT allow the assign-
ment of vibrational modes to each band occurring in the Raman
spectra (see Figs. 4 ¢ and 4d). In both cases (sodalite and nosean)
we can distinguish three different groups of vibrational modes.
Vibrational modes of the first group are related to bending of
Al- and Si-tetrahedra. The related bands are situated between
200 and 500 cm™ and occur in sodalite and nosean spectra at
different positions.

The second group consists of vibrational modes related to
the stretching of Al- and Si-tetrahedra, and comprise of bands
between 900 and 1150 cm™. Again this is true for both the soda-
lite and the nosean spectra. The positions of these two types of
vibrational modes are typical for silicates in general (Furukawa
etal. 1981).

In contrast, the third group differs between both minerals,
because they are related to the anions in the structural cavity;
chlorine in sodalite and sulfate in nosean. In both cases, two
bands can be attributed to them, one related to bending (at
lower wavenumbers) and one related to the stretching (at higher
wavenumbers) of CINa,- and SO,-tetrahedra. For the sodalite
end-member, the CINa,-tetrahedron bending and stretching
bands occur at ~220 and ~450 cm™!, respectively. In end-member
nosean, the bending modes for SO, occur at ~420 and ~520 cm !,
respectively, and the stretching modes at ~900 and ~1100 cm™.

If the theoretical spectra are compared with the spectra of
the natural samples, there is a good agreement for sodalite, but
a mismatch for some bands in the nosean spectra. Although
the general band distribution for the natural sample (Fig. 4b)
is similar to that of the calculated end-member (Fig. 4d), we
see a strong broadening of the band at around 430 cm™ in the
natural spectrum, whereas several bands occur in the theoretical
spectrum in this region. This mismatch can be explained by the
discrepancy of the half-width in the analytical setup, which is af-
fected by temperature, small distortions due to minor components
(e.g., Mohanan et al. 1993), isotopic broadening (e.g., Hass et
al. 1992), and the assumption of the same empirical half-width
for all bands for the theoretically predicted spectra.

There are also bands that occur in the spectrum of the natu-
ral sample that cannot be clearly correlated to the theoretical
spectrum without assuming strong shifts of the band energies.
These shifts might be caused by minor elements, especially Li
and K, in the nosean sample. The incorporation of Li and K into
a Zeolith A framework (very similar to the SGM structure) leads
to a band shifted to higher energies compared to the Na-band
(Dutta and del Barco 1985). In addition, the occupation of the
nominally unfilled cavity might particularly cause structural
changes, as has been shown for the dehydration of sodalite-like
zeolites (Brémard and Bougeard 1995). The cavity can be oc-
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cupied by minor chlorine, which causes the occupation of two
cavities per unit cell and associated structural changes, as we see
if we compare the spectra of sodalite and nosean. The structural
cavity can also be occupied by, e.g., molecular water, nitrogen
and carbon species, which all might cause structural changes and
therefore changes in the Raman spectrum. The mismatch in band
intensities can be explained by polarization effects, which cause
variations in the band intensities depending on the orientation of
a crystal (e.g., Ishibashi et al. 2008).

The mismatch in the Raman spectra has no direct conse-
quences for this study on the sulfur incorporation since the iden-
tification of bands related to sulfur species was unambiguously
possible, which is the major scope of this investigation, and it
is shown that the analysis of the sulfur speciation in sodalite is
not possible with Raman spectroscopy.

Comparing EMP and Raman spectroscopy

For SGM, the speciation of sulfur can be analyzed by electron
microprobe semi-quantitatively. In contrast, the comparison
between theoretical and actual Raman spectra shows that, even
though this technique has been shown to result in a higher
precision and almost the same lateral resolution (ignoring the
penetration depth), it cannot easily be applied to SGM, because
the only intensive sulfate-related band overlaps with Si/Al-
tetrahedra-related bands. Raman-spectroscopy, therefore, cannot
be used to quantify the amount of sulfate in sulfur-poor SGM
and consequently it is impossible to determine the speciation
of sulfur. In the natural sodalite from Ilimaussaq none of the
observed bands correlate to sulfur in any chemical mode.

The sulfur speciation in natural sodalite-group minerals

Natural SGM samples analyzed in this study show large
variations in their sulfur content and in their sulfur speciation.
Samples from the Laacher See volcanics, “Persia” and Afghani-
stan contain pure sulfate sulfur, while sodalites from Mont Saint-
Hilare contain mixed sulfide and sulfate sulfur, and the samples
from Ilimaussaq show the highest contents of sulfide sulfur
clearly dominating over sulfate. The helvite sample analyzed in
this study, finally, contains no detectable sulfate and is hence a
purely sulfidic SGM. Since the size of the structural cavity in
Fe/Mn/Zn-bearing SGMs is much smaller than in Na/Ca-bearing
ones, we interpret our finding such that these minerals can only
incorporate sulfidic sulfur. Hence, in Fe/Mn/Zn-SGMs, sulfur
analysis cannot be related to the redox state of the melt or fluid
from which they crystallize. In the Na/Ca-bearing sodalite-group
minerals, in contrast, we found both sulfide and sulfate, and we
will show below that their sulfate/sulfide ratio is a monitor of the
redox conditions of the melt or fluid they formed from. Although
sulfide-rich samples in our study are all chlorine-dominated,
several other authors have reported sulfide-dominated Cl-poor
Na/Ca-bearing SGMs (e.g., Hassan et al. 1985; Fleet 2005; Fleet
etal. 2005). Hence, our results are regarded as sample bias rather
than reflecting a deeper principle.

The magmatic samples used in this study show a correlation
of sulfate/sulfide ratios in SGM with previously and indepen-
dently determined oxidation states of the respective magmas. The
Laacher See volcanics are oxidized and crystallized at ANNO+1
(Harms et al. 2004). As would be expected, our SGM samples
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from this locality are dominated by sulfate (Fig. 5). The samples
from Mont Saint-Hilaire crystallized under slightly reducing
conditions of AFMQ-1 (Schilling et al. 2011), and their SGMs
contain ~1:1 sulfide and sulfate. The samples from Ilimaussagq,
which formed in one of the most reduced magmas known on
Earth (AFMQ-1 to -4; Markl et al. 2001), contain only sulfide.
Hence, sulfate/sulfide ratios monitor the oxidation state of the
magma the SGMs crystallized from, but in a different way than
sulfate/sulfide-ratios of glasses (see Fig. 6). If we compare the
sulfur speciation ratio of experimental basaltic melts quenched
at variable oxidation conditions with our estimations on sodalite,
the sodalite speciation curve is shifted to lower oxygen fugacities
by about 2 log units (Wilke et al. 2011). The same shift has been
shown for Na-silicate melts (Nagashima and Katsura 1973; Jugo
et al. 2005). Since Na-bearing SGM have basically the same
composition, with varying anions in the structural cavity and
sometimes with minor Ca, this effect can be attributed to the
presence of high Na-concentrations. This indicates that sulfate
is relatively more stable than sulfide in Na-rich melts compared
to basaltic melts. This observation shows that the dependence of
the redox state of sulfur on oxygen fugacity is matrix-dependent.
This also implies a change in the redox-conditions of a basaltic
melt if Na-bearing SGM crystallizes as predicted by Markl et al.
(2011). The SGM have a higher S®"-content than the melt, which
therefore gets more reduced during this process. In contrast, we
did not find any sulfate in Fe/Mn/Zn-bearing SGM. This can be
explained by the differences in the crystal structure, because Fe/
Mn/Zn-bearing SGM have smaller cell parameters and smaller
structural cavities. Since the sulfate anion is larger than the
sulfide anion, this observation explains that sulfidic sulfur is
more stable than sulfate. The comparison of all these data sets
shows that there are two different kinds of matrix-dependencies:
first, a dependence on the chemical composition and, second, a
dependence on structural differences.

hauyne (Laacher See)
Py "Lasurstein" ("Persia")

o sodalite (Mont Saint-Hilaire)
sodalite (llimaussaq)
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I I I I I I I I I ]
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FIGURE 5. SKw, , peak positions of natural SGM minerals analyzed by
an XCE-spectrometer. Selected standard materials are shown for orientation.
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