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ARTICLE INFO ABSTRACT

Associate editor: Sung Keun Lee Elucidating the role of sulfur on the structure of silicate glasses and melts at elevated pressures and temperatures
is important for understanding transport properties, such as electrical conductivity and viscosity, of magma
oceans and mantle-derived melts. These properties are fundamental for modeling the evolution of terrestrial
planets and moons. Despite several investigations of sulfur speciation in glasses, questions remain regarding the
effect of S on complex glasses at highly reducing conditions relevant to Mercury. Glasses were synthetized with
compositions representative of the Northern Volcanic Plains of Mercury and containing quantities of S up to 5 wt
%. Multiple spectroscopic methods and microprobe analyses were employed to probe the glasses, including in situ
impedance spectroscopy at 2- and 4-GPa pressures and temperatures up to 1740 K using a multi-anvil press, 2°Si
NMR spectroscopy, and Raman spectroscopy. Electrical activation energies (Ea) in the glassy state range from
0.56 to 1.10 eV, in agreement with sodium as the main charge carrier. The electrical measurements indicate that
sulfide improves Na* transport and may overcome a known impeding effect of the divalent cation Ca*". The glass
transition temperature lies between 700 and 750 K, and for temperatures up to 970 K Ea decreases (0.35-0.68
eV) and the conductivities of the samples converge (~5-8 x 107> S/m). At Tquench, the melt fraction is 50-70%
and melt conductivity varies from 0.7 to 2.2 S/m, with the sample containing 5 wt% S the most conductive
among the set. 2°Si NMR spectra reveal that a high fraction of S bonds with Si in these complex glasses, a
characteristic that has not been recognized previously. Raman spectra and maps reveal regions rich in Ca-S or
Mg-S bonds. The evidence of sulfide interactions with both Si and Ca/Mg suggest that alkaline earth sulfides can
be considered weak network modifiers in these glasses, under highly reduced conditions.
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1. Introduction during the MESSENGER mission by using gamma-ray, X-ray, and ul-

traviolet — near-infrared reflection spectroscopy (Nittler et al., 2011,

Sulfur is a major volatile component in terrestrial magmas. The
presence of sulfur can influence the structure of silicate melts and glasses
(e.g., O’Neill and Mavrogenes, 2002; Fleet et al., 2005; Tsujimura et al.,
2004; Klimm and Botcharnikov, 2010) affecting transport properties
such as diffusivity (Lierenfeld et al., 2018), thermal conductivity
(Lonergan et al., 2020), and viscosity (Mouser et al., 2021). Under-
standing the effect of sulfur on these properties at the temperatures,
pressures, and redox conditions relevant to planetary interiors is an
important part of modeling the composition and dynamics of terrestrial
planets and moons. High S concentrations (up to 4 wt%), together with
low FeO content (<2-3 wt%) were measured at the surface of Mercury
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2018; Zolotov et al., 2013; Evans et al., 2012; Izenberg et al., 2014;
Weider et al., 2015; Peplowski et al., 2015; McCoy et al., 2018). These
data are consistent with a highly reducing environment (<IW-3, with IW
the iron-wiistite oxygen fugacity buffer; McCubbin et al., 2012; Zolotov
et al., 2013; Namur et al., 2016a). These conditions are thought to have
affected planetary differentiation and magmatic processes (e.g., Mala-
vergne et al., 2010; Charlier and Namur, 2019; Renggli et al., 2022).
However, the effect of highly reduced S-rich magmas on the dynamics
that shaped the planet remains largely unknown.

In natural silicate glasses and melts, sulfur can exist in a wide range
of oxidation states, from $%~ to SO (e.g., Carroll and Rutherford, 1988;
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Wilke et al., 2011; O’Neill and Mavrogenes, 2002). At an oxygen
fugacity (fO2) above that of the nickel-nickel oxide oxygen buffer, S in
the form of sulfate (SO?{) is dominant, whereas at very low fO, values
relevant to Mercury magmas, sulfide (527) is the predominant sulfur
species (e.g., Jugo et al., 2010). The following equilibrium characterizes
the displacement of oxide for sulfide in a melt (Fincham and Richardson,
1954; Baker and Moretti, 2011):

1 za.s +OZ—.melr

1 s
5 _ iogas +S2—.melr (1)

For fOy values significantly below the IW buffer, the maximum
concentration of S~ in a silicate melt (sulfide saturation) increases as
oxygen fugacity decreases (e.g., O’Neill and Mavrogenes, 2002; Namur
et al., 2016a). Therefore, the remarkably low fO5 conditions in Mercury
have been invoked to explain the substantial solubility of sulfide in its
lavas (Nittler et al., 2011; Namur et al., 2016a). Sulfide has an affinity
for divalent cations (Ca%t, Mg?*, Fe?>"), forming complexes in various
glasses (O’Neill and Mavrogenes, 2002; Fleet et al., 2005; Namur et al.,
2016a; Anzures et al., 2020). Additional processes which may induce the
formation of Ca or Mg sulfides at the surface of Mercury have been
suggested, such as gas-solid interactions during volcanic and impact
processes (Renggli et al., 2022). SiS, is another compound that can form
during volcanic degassing at the surface of this planet (lacovino et al.,
2023).

Our current understanding of the effect of S on the structure of sili-
cate glasses and melts has benefitted significantly from industry-related
research on simple binary or ternary systems. As reviewed elsewhere
(Wilke et al., 2011), various spectroscopic techniques have been used to
investigate the speciation and bonding of sulfur in alkali silicate glasses,
including Raman scattering (Asahi et al., 1999; Tsujimura et al., 2004;
Klimm and Botcharnikov, 2010; Klimm et al., 2012; Namur et al., 2016a;
Watson and Martin, 2017; Lonergan et al., 2020), nuclear magnetic
resonance (NMR) (Tsujimura et al., 2004; Watson and Martin, 2017), X-
ray photoelectron spectroscopy (Asahi et al., 1999), and X-ray absorp-
tion near-edge structure (XANES) spectroscopy (Fleet et al., 2005;
Klimm et al., 2012; Anzures et al., 2020). Generally, simple glass com-
positions were targeted in these studies, and further investigations are
needed to elucidate the role of S in complex (natural) glasses and under
highly reducing conditions relevant to Mercury.

Among the spectroscopic techniques commonly used to study com-
plex S-bearing glasses and melts, 2°Si NMR spectroscopy is outstanding
for identifying the various nearest neighbors of Si and for providing
essential information about glass polymerization. The speciation of sil-
icon is of particular interest, with the extent of polymerization
commonly denoted by the parameter Q", where Q refers to a
tetrahedrally-bonded Si species and an integer n (1-4) quantifies the
number of bridging oxygen atoms (e.g., Stebbins, 1987; Engelhardt and
Michel, 1987; Maekawa et al., 1991). Raman spectroscopy is another
powerful probe of silicate glasses, including those bearing S (Wilke et al.,
2011). This technique has been used to probe sulfide compositions in
natural samples (Avril et al., 2013), and identify S complexes with MgZ*
and Ca®" in the structure of highly reduced silicate melts (Namur et al.,
2016a).

Knowledge of the transport properties (such as viscosity and elec-
trical conductivity) of such glasses and melts at conditions relevant to
Mercury is limited. Results from viscosity experiments on highly
reduced S-bearing andesitic glasses up to 6.2 GPa and 2000° C revealed a
decrease in viscosity with the addition of S (Mouser et al., 2021). The
mechanism for the decrease is uncertain, however, the generally weaker
interaction of $2~ relative to 02~ with cations such as Si"~*" and Ca*
could influence viscosity. Additionally, low viscosity values at low fO5
can perhaps be explained by the decreased valence of Si and Ti, thereby
decreasing polymerization (Mouser et al., 2021). Impedance spectros-
copy is sensitive to the short- and long-range motion of charged species
and yields insights that are complementary to those from other spec-
troscopic techniques and viscosity experiments. For example, a study of
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S-bearing Li silicate glasses (Tatsumisago et al., 2000) benefitted from
electrical measurements, combined with 2°Si NMR spectroscopy and
XPS. However, the previous electrical studies of S-bearing, alkali silicate
glasses (e.g., Ravaine, 1980 and references therein; Hayashi et al., 1998;
Tatsumisago et al., 2000; Minami et al., 2000) were restricted to simple
systems and oxysulfides at 1 atm. To elucidate planetary interiors,
measurements of electrical and other transport properties of complex,
sulfide-bearing silicate glasses are needed at high pressures and
temperatures.

In this study, we investigate the role of sulfur in highly reduced
complex silicate glasses and melts. Several spectroscopic techniques are
applied to probe the electrical properties (impedance spectroscopy) and
molecular structure (2°Si NMR spectroscopy and Raman spectroscopy)
of these glasses. Electron microprobe analyses complement the charac-
terization of the samples. The different insights gained from each tech-
nique combine to elucidate the bonding of sulfur in highly reduced
silicate glasses.

2. Experimental and analytical techniques
2.1. Sample preparation

The starting glasses were synthesized from powders representative of
the compositions from the low-Mg Northern Volcanic Plains (termed
NVP) in the Borealis Planitia region on Mercury (Weider et al., 2015;
Namur and Charlier, 2017; Vander Kaaden et al., 2017). Magmas from
this location are rich in Mg, alkali metals, and S, but are depleted in Al,
Ca and Fe compared with Earth basalts (e.g., Peplowski et al., 2014,
2015). High-purity oxides (TiO, Aly03, Cro0s, MnO, MgO, CaSiOs,
NaySiOs, KoSisOg, AIPO4) were mixed with ethanol in an agate mortar.
Different amounts of S, in the form of CaS, were added to the powders
(Table 1). Iron was added as Fe to two batches. The powders were dried
in an oven at 393 K and stored in a desiccator until use.

Starting glasses were obtained by loading the powders into graphite
capsules and melting with a multi-step process. The capsule was first
placed in asilica tube under vacuum and heated at 393 K for about 15 h.
The tube containing the sample was then sealed while still under vac-
uum using an oxy-acetylene torch, and placed in a box oven at 1573 to
1673 K for 0.75-1.5 h (Table 1). The pressure is estimated to be slightly
above 1 bar based on slight inflation of some silica tubes. The redox
conditions of the sample are expected to be close to the C-CO redox
buffer at the oven temperature. Therefore, at the 1573-1673 K tem-
peratures and ~1 bar pressure of the syntheses, the fO, values were
approximately six log units lower than those of the iron-wiistite buffer
(AIW =~ —6) (Herd, 2008 using Eugster and Wones, 1962 and Darken
and Gurry, 1945). Samples were quenched by dropping the silica tubes
inside a water-filled beaker. The quenching rate is estimated to be
>200-300 K/s. Upon opening the silica tubes, representative samples
showed evidence of CO and H,S gases. Glass cylinders were retrieved by
removing the graphite capsule, and have a diameter of 1.5 mm and
length of ~1-2 cm.

Table 1
Starting materials and conditions of glass synthesis experiments (P = 1 atm).

Glass sample  Added materials (wt.%) Experimental conditions®

CaS Fe Temperature (K) Duration (hr)
VT42 0 10 1623 1.0
VT53 0 0 1573 1.5
VT56 0 0 1623 1.0
VT46 7 10 1623 1.0
VT47 7 0 1623 1.0
VT48 7 0 1573 1.0
VT54 12 0 1573 1.5
VTS5 15 0 1673 0.75
VT52 30 0 1623 1.0

 Graphite capsules for all annealing.
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The synthesized S-bearing glasses were reddish brown in color. Op-
tical microscopic examinations do not reveal the presence of crystals.
Scarce metal-rich micro-droplets are observed in a few samples. Bubbles
are present in some glasses; in this case, the glass cylinder was pulver-
ized for electrical experiments to avoid artifacts in the measurement of
bulk electrical properties. Nine starting compositions were synthesized,
with S content varying from 0 to 4.8 wt%. Because the starting glasses
were synthesized in graphite capsules, fine graphite particles are
observed on the surface of most glass cylinders.

Starting glasses and samples retrieved after electrical experiments
under pressure and temperature were analyzed using the electron
microprobe to characterize the phases, composition, and texture. Ana-
lyses were performed with a JEOL 8530F field-emission electron
microprobe, with an acceleration voltage of 15 kV and a sample current
of 20 nA. Integration times were 20 s on peak and 10 s on background,
except for Na and P, that were analyzed with 50% shorter times. The
beam was slightly defocused (~5 pm). The following standards were
used: basaltic glass (for measuring Na, Mg, Ti, Ca, Al, Si, Fe), ilmenite
(Mn), orthoclase (K), pyrite (S), and apatite (P). In addition to spot an-
alyses on the silicate and sulfide phases, energy dispersive spectroscopy
(EDS) and wavelength dispersive spectroscopy (WDS) were used to
obtain chemical maps of selected samples. High-resolution WDS maps
used a 1-pym diameter beam and a 20-ms dwell time. Each spectroscopic
technique used to study the glasses (Table 2) is described in the
following subsections.

2.2. Impedance spectroscopy measurements under pressure and
temperature

Electrical experiments were carried out at 2 GPa (except for one
experiment performed at 4 GPa) under quasi-hydrostatic conditions in a
1,100-ton Walker-type Rockland multi-anvil press. Experimental con-
ditions are listed in Table 2. Pressure was applied using eight tungsten
carbide cubes with corner-truncated edge length of 8 mm and MgO
octahedral pressure media with an edge length of 14 mm. All MgO parts
were fired at >1273 K and stored in a desiccator until use. Two types of
electrical cell assembly were used, depending on the temperature range
of the electrical measurements (Appendix B, Fig. S1). For experiments
quenched at a temperature slightly above the glass transition of the
sample (low-T experiments), the cell assembly was composed of three
MgO sleeves, with the middle one containing the sample, and of two
high-purity Fe disks (Pommier and Leinenweber, 2018). The sample
used for these low-T experiments was a glass cylinder with the same
diameter as the synthesized glasses (1.5 mm). For experiments quenched
at a temperature for which the sample was partially molten (high-T
experiments), the electrical cell assembly consisted of three MgO
sleeves, with the middle one comprised of three alumina rings separated
from each other by two high-purity Fe disks (Saxena et al., 2021). The
starting material used for these high-T experiments was glass powder.
The middle alumina ring contained the sample, and the design pre-
vented molten material from escaping the cell. With either assembly, the

Table 2
Summary of the different measurements performed on starting glasses.
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sample was heated by applying a current to the surrounding Re foil, and
temperature was monitored using one of two Type-C thermocouples
(WgsRes-W74Reqe). Each thermocouple contacted one of two Fe-metal
disks that were electrodes for impedance measurements.

The cell assembly was initially compressed to the target pressure at
room temperature, and the temperature was then increased in 25 K in-
crements. Impedance data were collected during heating. Fig. S2
(Appendix B) shows the temperature-time and the temperature-power
paths for all experiments. The pressure remained within (+) 2% of the
target value throughout the heating cycle. All experiments were
quenched by turning off the power to the heater at a temperature below
the melting point of the Fe electrodes (~1850 K; e.g., Buono and Walker,
2011). After decompression, the electrical cell was mounted in an epoxy
resin, sliced longitudinally, and polished to expose the surface of the
sample for chemical and textural microprobe analyses.

Electrical measurements consisted of 4-electrode impedance spec-
troscopy (Ametek 1260 Solartron Impedance/Gain-Phase Analyzer). To
measure the complex impedance, a potential with DC component 1 V
and AC amplitude < 1 V was applied from 1 MHz to ~1 Hz. The sample
response was not sensitive to variation in AC amplitude between 200 mV
and 1 V. The complex impedance Z is composed of a real part Z' and an
imaginary part Z'. The Z' value determined at relatively low frequency,
either as a local minimum in the complex impedance plane, otherwise as
an intersection or extrapolated intersection with the real axis, is
considered the bulk electrical resistance (R). The sample resistance
Rsample is obtained from R after removing very minor contributions from
the alumina ring (electrically in parallel with the sample in the high-T
assembly; Fig. S1) and the two electrode disks (electrically in series
with the sample). Reproducibility was checked by (1) making multiple
measurements during an experiment at defined temperature, and (2)
duplicating electrical experiments for glass VT55 at overlapping tem-
perature ranges using a different electrical cell (BBC12 and BBC18 ex-
periments, Table 2).

The electrical conductivity ¢ of the sample at each temperature is
calculated from Rgample:

1
o= Rl\d,,,],[e x G (2)

In Eq. (2), the geometric factor G is the ratio (electrode disk area, zr%)
/ (sample thickness, ). The error in each conductivity value is typically a
few percent (Appendix B, Supplementary material).

2.3. %°Si NMR spectroscopy

29 NMR spectra were acquired on starting glasses VT53, VT48,
VT52, and VT54 using a solid-state NMR spectrometer (Chemagnetics
Infinity). The resonant frequency of 2°Si is 59 MHz in the 7-tesla static
field. The synthesized glasses were crushed into a powder and loaded
into a 5-mm diameter rotor. Spectra were acquired with a 1.3-ps pulse
width, corresponding to a 30° nutation angle. The iron content in those
samples analyzed by NMR spectroscopy (<0.02 wt% Fe;03) is below the

Glass Impedance spectroscopy EMPA NMR spectroscopy Raman spectroscopy
Experiment Starting material Pressure (GPa) T range (K)

VT42 (S free) BBC21 Powder 2 1473-1673 SG and QM* - SG

VT46 BBC22 Powder 2 1578-1738 SG and QM - QM

VT47 BBC15 Powder 2 1388-1619 SG and QM - -

VT48 BBC16 Cylinder 2 573-874 SG and QM SG QM

VT52 BBC17 Powder 2 623-1657 SG and QM SG SG and QM

VT53 (S free) BBC13 Cylinder 2 598-1031 SG and QM SG -

VT54 BBC14 Cylinder 2 523-973 SG and QM SG -

VT55 BBC12, BBC18 Cylinder, powder 2,2 475-944, 673-1593 SG and QM - SG and QM

VT56 (S free) BBC10, BBC19 Powder, powder 2,4 593-1669, 625-1585 SG and QM - SG

" SG: analyses on starting glass; QM: analyses on quenched material from electrical experiment.
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levels previously reported to cause significant shortening of T1 relaxa-
tion times (Maekawa et al., 1991; Ackerson et al., 2020). However, the
presence of paramagnetic Mn%" (0.04-0.32 wt% MnO) is comparable to
quantities known to decrease T1 significantly (Scholz and Thomas,
1995) thereby allowing a short (2-s) recycle delay without saturation.
The magic-angle spinning (MAS) frequency (®./2n) was 8 kHz. The
number of acquisitions was 40,000 x 4. The chemical shifts were
referenced to the 2°Si frequency of tetramethylsilane (TMS) defined as 0
ppm. NMR spectra were not acquired for the quenched samples from
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electrical experiments, because the amount of material in the multi-anvil
cell assembly was insufficient.

2.4. Raman spectroscopy

Raman spectra were collected on selected starting glasses and
quenched samples from electrical experiments (Table 2). Methods used
in this study are similar to those outlined in Steele et al. (2007, 2012).
Two scanning near-field optical microscope systems (WITec Alpha) were

Table 3
Summary of electron microprobe analyses (in wt.%) of starting glasses and quenched samples after electrical experiments.
Silicate analyses Na,O MgO TiOy CaO Al,03 Si0, FeO MnO K,0 S P,0s Total
VT42 Starting glass
average (9)* 5.09 10.7 0.39 5.59 14.3 64.2 0.62 0.32 0.18 0.00 0.01 101.4
std dev. 0.08 0.3 0.06 0.13 0.3 0.7 0.23 0.04 0.01 0.00 0.01
BBC21, 2 GPa, 1673 K
average (58) 5.05 10.3 0.38 5.40 14.2 65.1 1.23 0.29 0.19 0.00 - 102.2
std dev. 0.30 0.5 0.02 0.20 0.5 1.0 0.21 0.03 0.03 0.00 -
VT46 Starting glass
average (6) 5.22 10.6 0.35 5.76 14.7 62.4 1.29 0.20 0.36 0.12 0.04 101.0
std dev. 0.29 0.3 0.03 0.28 0.3 0.9 0.47 0.04 0.02 0.02 0.05
BBC22, 2 GPa, 1738 K
average (68) 4.99 9.16 0.36 5.40 15.0 64.1 1.27 0.19 0.40 0.15 - 101.1
std dev. 0.47 1.64 0.02 0.18 0.6 0.9 0.34 0.02 0.05 0.05 -
VT47 Starting glass
average (9) 4.27 11.4 0.41 5.92 14.8 62.4 0.02 0.27 0.32 1.19 0.17 101.1
std dev. 0.33 0.9 0.08 0.29 0.6 0.6 0.02 0.13 0.04 0.74 0.10
BBC15, 2 GPa, 1619 K
average (30) 5.00 9.40 0.32 5.30 14.1 63.8 0.07 0.21 0.41 211 0.19 101.0
std dev. 0.52 1.83 0.07 0.47 1.2 1.0 0.04 0.06 0.08 0.40 0.06
VT48 Starting glass
average (6) 5.05 10.2 0.32 5.45 14.4 63.6 0.01 0.13 0.37 1.71 0.21 101.5
std dev. 0.16 0.3 0.06 0.31 0.6 1.0 0.02 0.02 0.01 0.07 0.04
BBC16, 2 GPa, 874 K
average (29) 4.99 10.4 0.36 5.39 14.3 64.3 0.01 0.16 0.37 1.77 0.22 102.2
std dev. 0.16 0.8 0.04 0.40 0.6 1.5 0.01 0.04 0.03 0.10 0.04
VT52 Starting glass
average (6) 4.57 8.61 0.28 13.1 12.8 59.2 0.02 0.04 0.33 3.82 0.07 102.9
std dev. 0.27 0.36 0.04 0.9 0.2 0.7 0.01 0.02 0.04 0.72 0.06
BBC17, 2 GPa, 1657 K
average (25) 4.45 8.41 0.22 15.1 12.2 57.0 0.05 0.04 0.35 5.62 0.07 103.6
std dev. 0.15 0.82 0.03 0.3 0.2 0.4 0.05 0.02 0.06 0.93 0.05
VT53 Starting glass
average (15) 6.30 10.1 0.38 6.30 15.5 61.8 0.01 0.32 0.16 0.00 0.15 101.1
std dev. 0.08 0.1 0.02 0.09 0.1 0.4 0.01 0.03 0.01 0.00 0.02
BBC13, 2 GPa, 1031 K
average (6) 5.84 9.48 0.41 5.62 14.8 64.6 0.14 0.33 0.18 0.01 - 101.4
std dev. 0.09 0.49 0.04 0.38 0.6 1.5 0.16 0.02 0.01 0.00 -
VT54 Starting glass
average (7) 4.46 9.59 0.34 8.49 13.6 61.7 0.02 0.08 0.34 4.20 0.19 103.0
std dev. 0.22 0.35 0.07 0.31 0.4 0.8 0.02 0.01 0.02 0.28 0.05
BBC14, 2 GPa, 973 K
average (7) 4.95 8.79 0.33 7.35 11.0 62.4 0.01 0.06 0.36 4.11 - 99.3
std dev. 0.10 0.48 0.02 0.49 0.3 1.9 0.02 0.02 0.03 0.18 -
VT55 Starting glass
average (8) 5.31 10.1 0.31 10.4 14.7 55.9 0.00 0.18 0.37 4.79 0.11 102.2
std dev. 0.13 0.1 0.02 0.3 0.3 0.2 0.00 0.04 0.01 0.33 0.05
BBC12, 2 GPa, 944 K
average (50) 5.14 10.2 0.34 9.93 14.6 57.9 0.02 0.21 0.37 4.54 0.14 103.4
std dev. 0.10 0.2 0.02 0.15 0.2 0.4 0.02 0.03 0.02 0.23 0.13
BBC18, 2 GPa, 1593 K
average (29) 5.05 10.3 0.29 10.5 14.7 57.4 0.04 0.17 0.42 4.61 0.12 103.5
std dev. 0.34 0.7 0.05 0.3 0.2 0.5 0.02 0.10 0.08 0.73 0.07
VT56 Starting glass
average (17) 6.00 11.7 0.38 6.28 15.2 61.4 0.02 0.32 0.17 0.00 0.12 101.6
std dev. 0.06 0.1 0.02 0.08 0.4 0.5 0.02 0.03 0.01 0.00 0.02
BBC19, 4 GPa, 1585 K
average (25) 5.51 9.86 0.41 5.37 14.0 64.8 0.04 0.31 0.17 0.00 - 100.5
std dev. 0.31 0.60 0.04 0.32 0.8 1.7 0.02 0.03 0.05 0.00 -
Sulfide analyses Fe S Si Mg Ca Mn Total
VT46 BBC22, 2 GPa, 1738 K
average (5)* 68.7 279 0.08 0.01 0.03 0.08 96.8
std dev. 2.71 2.14 0.03 0.01 0.04 0.05

" Number of analyses. Each analysis was performed using a 5-um defocused beam.
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employed, both with confocal Raman spectroscopic imaging capability.
The excitation wavelength was 532 nm. The power at the sample was 0.3
to 1 mW. Spectra were collected without analysis of polarization. The
excitation laser was focused either at the surface of the sample, or
several pm below it. The entrance to a 50-um optical fiber served as the
confocal aperture. The scattered light was dispersed with a 600-groove/
mm grating, and Raman spectra in the 200-3600 cm ™! range were ac-
quired with an integration time of 1 to 6 s per pixel. Imaged areas were
typically (20-50 pm) x (20-50 pm), and the spatial resolution was 1 pm.
Raw spectra were first processed using WITec software (Project Plus
version 5.2) to remove any signals from cosmic rays, or to subtract a
broad emission background (when present) using the shape function
(curve diameter 50 cm ™). Principal component analysis (PCA) was also
performed on the full set of Raman spectra within selected imaged areas,
using the WITec software.

3. Results and discussion
3.1. Chemical composition

The chemical composition of the synthesized glasses is summarized
in Table 3. The S concentration can be categorized in three groups:
samples with 0.0-0.1 wt% S (VT42, VT53, VT56, VT46); those with 1-2
wt% S (VT47, VT48) and those with 3.8-4.8 wt% S (VT52, VT54, VT55).
The fact that ~5 wt% S was the maximum amount, even upon addition
of 12-30 wt% CasS, is consistent with sulfur solubility at an fO, of —6
relative to IW and the temperatures of the syntheses (see Fig. 3 of Namur
etal., 2016a and Fig. 2 of Anzures et al., 2020). Samples with added iron
(VT42, VT46) were analyzed to have 0.6 or 1.3 wt% FeO. The amounts
of Ti and K are small (<0.5 wt% TiO5 or K50) for all samples. Likewise,
the concentrations of Mn are small (0.04-0.32 wt% MnQO) but even these
quantities likely affect the NMR spectroscopy, as mentioned above.

Relative molar quantities of the constituents are fundamentally
important and can be summarized as follows. The sulfide-free (VT42, 53,
56) and low-S (VT46, 47, 48) glasses have a combined average mol.%

A) BBC18

C) BBC12

X

Porosity,

Quenched Gl
' cracks

3

Micro-sulfide

10 um

B) BBC18
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composition of 5 NayO, 16 MgO, 6 Ca0O, and 9 Al,0O3, 63 SiO,. The
average mol.% composition of S-rich (VT54, 55, 52) glasses, assuming
all cations as oxides and excluding S from the analysis, is 5 Nay0, 14
MgO, 12 CaO, 8 Al,03, and 61 SiO,. These glasses contain 12 to 16 mol.
% S relative to Si, which replaces O. Alkaline earth metals Mg?" and
Ca®* are the dominant cations (other than Si4+) in the glasses; com-
bined, they are on average 35 mol.% of Si for the samples with low or no
S, and 43 mol.% of Si for the S-rich samples. Na™ is the only alkali cation
with significant quantity (16 mol.% relative to Si). Network former
Al5,03 is ~14 mol.% of SiO».

Back-scattered electron (BSE) images of selected samples from
electrical experiments are shown in Fig. 1. The sample diameter
remained identical during the experiment, but because Fe disks
deformed slightly during compression (Fig. 1A), the sample thickness
considered in Eq. (2) is an average value. Crystals are visible in the
samples quenched at high temperature (high-T cell assembly) (Fig. 1B)
and indicate a partially molten state at the quenching temperature. The
olivine crystals observed in the retrieved samples are small and char-
acterized by euhedral shapes with well-developed faces, and are thought
to have formed prior to quenching (crystals grown during the quench
would have skeletal shapes). A partially crystallized state after
quenching also agrees with previous phase-equilibria experiments that
indicate a liquidus temperature of ~1673 K for the S-bearing NVP
composition at 1 GPa (Namur et al., 2016b). From analysis of the BSE
images (ImageJ software; see Fig. S3 (Appendix B) for example), the
melt fraction in samples for the high-T experiments is estimated to be
~0.5-0.7, with the lowest values for the S-free glasses. In contrast,
samples quenched at low temperature (cells with an MgO sample sleeve)
preserved a clean glass texture (Fig. 1C). Only two samples have iron
sulfides (BBC21 and BBC22), as illustrated in Fig. 1D for BBC22. These
samples contain the highest Fe content (reported as 1.2 and 1.3 wt% FeO
in Table 3). In addition to Fe and S, these sulfides also contain some
silicon and trace amounts of phosphorus. WDS maps for this sample
(Fig. S4A, Appendix B) show that Fe is not in the silicate phase, or it is
below the detection limit of the electron microprobe analyses.

Quenched Gl
with olivine crystals.

-~ Sulfide~""

D) BBC22
Quenched Gl - - : @

.

Olivine

Fig. 1. Back-scattered electron (BSE) images of selected quenched samples from electrical experiments: A) and B) BBC18 (glass VT55 quenched at 1593 K showing
the presence of olivine crystals), C) BBC12 (glass VT55 quenched at 944 K), and D) BBC22 (glass VT46 quenched at 1738 K).
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The bulk composition of quenched samples after electrical experi-
ments is in good agreement with that of the starting glasses (Table 3).
Most importantly, sulfur was maintained in the samples even at high
temperature. The contamination of the samples by the middle sleeve
(MgO ring for the low-T experiments, alumina ring for the high-T ex-
periments) is insignificant, with an Mg-rich or Al-rich thin spinel layer
limited to a few pm in thickness located at the MgO-sample or alumina-
sample interface, respectively (Fig. 2). This layer is formed by the
diffusion of Mg or Al into the sample at elevated temperature. One
exception is sample BBC22 (using Fe-bearing glass VT46), where a few
distinct crystals are observed at the alumina-sample interface (Fig. S4b,
Appendix B). Chemical analyses suggest that this S-free silicate phase is
rich in Al, Mg, Ca, Na and Fe (Table 3), consistent with an augite
(porricin, or griinblende). Iron from the electrodes incorporates in the
sample, but only over a restricted range (up to ~50 pm from the in-
terfaces) (Fig. 2). The chemical interactions between the electrode disks
or the sample sleeve and the sample have a negligible effect on the bulk
electrical measurements because of the limited thickness of the
contaminated regions.

Significant compositional variation is observed in the starting glasses
and remains in the quenched samples. The example of BBC16, quenched
at 874 K, is shown in Fig. 3. For traverses across the sample diameter, the
variation in content (wt.%) is: S, from 1.2 to 2.7; Na5O, from 4 to 5.4;
MgO, from 7.5 to 12; CaO, from 3.2 to 6.4; and SiO», from 58 to 68. WDS
maps of samples also reveal some spatial variation in chemical content
(Fig. 3). For samples quenched at high temperatures such as BBC18
(Fig. 2) there is similarly significant variation in chemical content across
the sample, e.g., S, 2 to 6 wt%; MgO, 8 to 13 wt%. Spatial heterogeneity
is common in alkaline silicate glasses but is typically minimized if
alumina is present, as in our glasses. The specific causes for the het-
erogeneity within the glasses of the present study are not yet known. We
note that the impedance and NMR measurements probe the samples as a
whole, and the impact of spatial heterogeneity was not analyzed.

3.2. Impedance spectroscopy

Examples of impedance spectra for different samples at selected
temperatures are presented in Fig. 4. The electrical resistance is deter-
mined from the low frequency portion (right side) of a relevant arc in the
complex impedance plane, as described above. At low temperature, one
impedance arc is observed for all samples as is typical of semiconductors
(Fig. 4a and 4b). At high temperature (>1373 K), the sample resistance

BBC12 (T quench =944 K)
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is derived from the second impedance arc at lower frequency (e.g., see
arrows marking Z' positions in Fig. 4¢). For all samples, resistance de-
creases with increasing temperature.

The electrical conductivity during heating of all glass samples is
presented in Fig. 5. For each composition, conductivity increases non-
linearly by more than four log units over the T range under consider-
ation. In both the glassy and partially molten states, the S-rich samples
are generally most conductive though there are exceptions. Given the
addition of sulfide as CaS, S-rich samples also have relatively high Ca
content. Some divalent cations, including Ca®*, are known to impede
alkali transport in silicate glasses and melts (e.g., Doremus, 1994;
Shelby, 2020). It is likely that the S-rich samples would have greater
conductivity if the Ca®* content were the same as in the samples without
S.

At temperatures below 700-750 K, the conductivity of most samples
tracks reasonably well with the Arrhenius equation,

—AH
0 = 0() X exp <W> 3)

with 6 the pre-exponential term and AH the activation energy. Previous
studies of alkali silicate glasses showed that the approach developed for
ionic crystals can be applied to explain the physical significance of
oo and AH (Souquet and Perera, 1990; Caillot et al., 1994; Souquet et al.,
1998). The formation of charge carriers in silicate glasses is similar to
the formation of a Frenkel defect, and the thermally activated diffusion
of charge carriers involves interstitial jumps (e.g., Souquet and Perera,
1990). In our glasses, AH ranges from 0.56 to 1.10 eV. The highest AH
values are observed for S-free samples (VT42, VT56; Table 4), except for
VT53 (0.63 eV). The lowest values of AH (0.54, 0.55 eV for samples
VT54, VT55 respectively) are found with samples containing 4-5 wt% S.
Although the results show a tendency for sulfide to decrease AH, several
factors prevent us from claiming a systematic correlation for these
glasses: (1) sulfide content is limited to <5%, an amount that constrains
the extent of change in conductivity, (2) variation of other elements
(particularly Ca®") can influence conductivity, and (3) there is a possible
interference from carbon (see below). Despite these complications, a
variety of synthetic systems have demonstrated that glasses with sulfide
can greatly improve transport of alkali cations relative to those with
oxide, for example a 10x greater conductivity at 100 °C, and signifi-
cantly lower activation energy, for NayS-SiS; versus NagO-SiOq (Ribes
et al.,, 1979); 100x greater conductivity and much lower activation
energy for 0.6LiyS-0.4 SiS; versus 60%(0.6Li3S-0.4 SiSz) + 40%(Li4SiO4)

BBC18 (T quench = 1593 K)
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Fig. 2. Electron microprobe traverses for samples BBC12 and BBC18 (VT55 glass).

(BBC12) or Al,O3 (BBC18). B) Fe electrode-sample traverses.

A) Sample sleeve-sample traverses, with the sample sleeve being either MgO
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Fig. 3. Chemical variations across selected quenched samples. A) EMPA traverses across sample BBC16 (glass VT48) quenched at 874 K. B) Back-scattered electron
(BSE) image and wavelength dispersive X-ray spectroscopy (WDS) maps of S, Ca, and Mg across sample BBC12 (glass VI55). The color scale bars reflect the number

of counts for each element considered.

(Hirai et al., 1995; Minami et al, 2000); 100x greater conductivity of
lithium sulfide + SiS, versus the oxide counterparts (Pradel and Ribes,
2014); and similar comparisons (Martin, 2016). The glasses in the pre-
sent work generally contain much less sulfide and are prepared in a more
reducing environment than these examples, nevertheless the tendency
for sulfide to enhance conductivity and lower activation energy appears
to be consistent with prior studies. The trend can be readily explained in
terms of weaker coulombic interactions between sulfide and alkali ions
relative to oxide and alkali ions, because sulfide has a larger ionic radius.

Coulombic interactions are weakened further in sulfide-bearing samples
because the larger relative dielectric permittivity, a consequence of the
greater polarizability of S2~ versus 0%~ (Martin, 2016).

Comparisons with previous electrical studies of natural silicate
glasses below the glass transition temperature are limited because the
effect of sulfide has not been explored, and the conditions of prior
studies involving sulfur tend to be significantly less reducing than in the
present study. Dry and hydrous complex silicate glasses in oxidizing
environments show slightly lower conductivities than our samples
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Fig. 4. Impedance spectra at selected temperatures for experiments A) BBC13
(S-free glass VT53), and B and C) BBC17 (S-bearing glass VT52). For both ex-
periments, pressure is 2 GPa.

(Fig. 5A), but the activation energies of dry and hydrated tephritic,
andesitic, or rhyolitic glasses range from 0.63 to 1.35 eV at pressures < 3
GPa, with hydrogen decreasing AH (Gaillard, 2004; Pommier et al.,
2008; Laumonier et al., 2015), similar to AH values in the present study.

The AH values found in the present work agree with the activation
energies for Na tracer diffusion in silicate glasses and melts (e.g., Jam-
bon, 1982; Henderson et al., 1985; Behrens, 1994; Lesher, 2010). The
agreement is consistent with alkali ions (Na*) being the major charge
carriers, as is prevalent for silicate glasses (e.g., Terai, 1968; Shelby,
2020; Doremus, 1994). In contrast, the mobility of divalent cations (e.g.,
Ca?") in silicate glasses is much lower, and characterized by an activa-
tion energy > 2.0 eV (Behrens, 1994; Natrup et al., 2005). The indi-
vidual contribution of each charged species to bulk conductivity can be
estimated using the tracer diffusion coefficient of each element
(Appendix A). Estimates of the different ionic contributions to charge
transport in our glasses emphasize the preponderant role of sodium
cations that are almost entirely (>96%) responsible for bulk conduc-
tivity, while all other potential charge carriers have limited or negligible
contributions. One possible exception is the S-rich glass VT55, for which
sulfide could contribute up to 15% if S were not bonded to Si, a scenario
that is not supported by the present work (see below).

The glass transition temperature (Tg) occurs at ~650-750 K for all
samples, based on a small change in slope in Fig. 5 (e.g., Caillot et al.,
1994). Tg corresponds to the temperature at which the electrical con-
ductivity switches from an Arrhenius law (low T data) to a modified one.
No clear effect of S on Tg is observed, though the highest Tg values tend
to correspond to those of S-free glasses (VI53 and VT56). The non-
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Arrhenian temperature dependence of conductivity at T > Tg and
until crystallization starts at ~973 K characterizes most samples. As
previously observed (e.g., Souquet et al., 1998; Souquet, 2021), the
departure from an Arrhenian behavior can be explained by local de-
formations of macromolecular chains, affecting the transfer of charges.
In this model, the low-T activated mechanism remains significant above
Tg, and an additional cooperative displacement mechanism becomes
active as well (Caillot et al., 1994; Souquet et al., 1998). The following
equation reflects both processes above Tg:

_ B _ B
oc=AXexp <R(T ~7) RT) (€))

Our conductivity values are fitted satisfactorily with Eq. (4), and
optimized values of By, B, and T are listed in Table 4. The energy term
B, is very low (<0.02 eV) compared to B, (0.07-0.34 eV). Comparison of
the first and second exponential terms over the relevant temperature
range indicates that the Arrhenian term is generally dominant. Over this
T range, the conductivities of all samples are comparable, with the
exception of BBC14 (VT54) (Fig. 5). This sample is significantly more
conductive than the others, especially VT55, which has comparable S,
alkali, and alkaline earth content (Table 3). The high conductivity of
VT54 is likely an artefact caused by small amounts of graphite from the
capsule, which were visible on the surface of the starting glass cylinder.

The onset of crystallization starts at ~973 K for all samples. It is very
difficult to isolate the melt and crystal conductivity values based on bulk
measurements once crystals have formed (Pommier et al., 2008).
Therefore, the temperature was raised quickly (on the order of a few
minutes) to reach higher temperatures (>1373 K) where the melt phase
is interconnected and dominates bulk conductivity. Above 1373 K,
conductivities range from 5 x 10 2 to > 1 S/m and increase steeply with
temperature. This behavior is consistent with a connected melt and a
melt fraction that increases significantly with temperature. Based on
melt fraction estimates using BSE images of quenched samples (e.g.,
Fig. S3), the melt conductivity at Tquench can be estimated. Assuming an
interconnected melt phase and assuming a forsterite composition for the
solid phase (Namur and Charlier, 2017), the Hashin-Shtrikman upper
bound, derived from the effective medium theory, can be applied (e.g.,
Hashin and Shtrikman, 1962; Glover, 2015)

Obutk = Om <1 B :;ETIM 7‘);:1)((::1” - ZZ))> (5)
with opyk the bulk (measured) conductivity, X, the melt fraction
(0.5-0.7 at the time of quenching; see section 3.1), oy, the melt con-
ductivity, and of, the conductivity of the forsterite crystals. The con-
ductivity of forsterite comes from the study by ten Grotenhuis et al.
(2005) for olivine aggregates with a 1.1 pm grain size, which is com-
parable to the grain size observed in our quenched samples (Fig. S3). Eq.
(5) yields melt conductivities ranging from 0.7 to 2.2 S/m at Tguench,
with S-free melt VT42 (BBC21) being least conductive and VT55 melt
(BBC18) being most conductive. These values suggest that increasing S
from O to ~5 wt% increases melt conductivity by a factor of 3. For a S
content < 5 wt%, no clear effect on conductivity is observed.

We note that increasing pressure from 2 to 4 GPa has a relatively
minor effect on bulk conductivity (see S-free glass VI56; Fig. 5). At 500
°C the conductivity of VT56 decreases from 3.3 to 2.1 S/m. This pressure
effect is consistent with sodium cation hopping (e.g., Ryan and Smedley,
1984; Gaillard, 2004; Pommier et al., 2008; Ni et al., 2011a). Compar-
ison with previous electrical studies of hydrous melts at comparable
pressure and temperature conditions (Gaillard, 2004; Pommier et al.,
2008; Ni et al., 2011b; Laumonier et al., 2015) shows that H-bearing
melts are more conductive than the S-bearing melts in the present study
(Fig. 5). The composition of the glasses from these previous studies is
listed in Table S1.
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Fig. 5. Electrical conductivity for all experiments as a function of inverse temperature. A) Experiments at a pressure of 2 GPa. Vertical black arrows indicate a change
in slope that corresponds to the glass transition (Tg), and the vertical grey line indicates the liquidus estimate of the S-free NVP composition at 1 GPa (after Namur
and Charlier, 2017). Open circles: starting glass powders, filled circles: starting glass cylinders. Grey areas indicate electrical conductivity ranges from previous
studies on dry and hydrous complex silicate glasses and melts (Gaillard, 2004; Pommier et al., 2008; Ni et al., 2011; Laumonier et al., 2015). B) Conductivity of S-free
glasses VT56 and VT53, and effect of pressure on conductivity for S-free glass sample VT56, at 2 (grey circles) and 4 GPa (grey crosses).

Table 4

Summary of electrical experiments and activation energies for DC conductivity. (NA: not applicable; Tg: glass transition temperature; Tc: crystallization tem-

perature). See Egs. (3) and (4) for definition of other paramaters.

Run Composition S content (wt. P T quench T<Tg T>Tgand T < Tc
%) (GPa) ® T range Ln (6o) (S/ AH T range Ln (A) (S/ B, B, T,
X) m) (eV) x) m) (eV) (eV) X)
BBC21 VT42 0 2 1673 NA NA NA NA NA NA NA NA
BBC13  VT53 0 2 1031 598-718 3.78 0.63 718-973 —3.24 0.02 0.07 575
BBC10  VT56 0 2 1669 593-750 11.0 1.10 750-884 —0.50 0.002 0.31 720
BBC19 VT56 0 4 1585 625-672 9.92 1.01 672-858 0.04 0.000 0.41 674
BBC22 VT46 0.1 2 1738 NA NA NA NA NA NA NA NA
BBC15 VvT47 1.2 2 1619 NA NA NA NA NA NA NA NA
BBC16 VT48 1.7 2 874 573-694 8.06 0.88 694-874 —-2.25 0.002 0.20 666
BBC17  VT52 3.8 2 1657 623-700 6.05 0.74 700-874 -3.10 0.004 0.10 669
BBC14  VT54 4.2 2 973 523-626 3.32 0.54 626-973 0.46 0.015 0.26 558
BBCl12  VT55 4.8 2 944 475-667 2.95 0.55 667-944 —0.22 0.000 0.34 656
BBC18  VT55 4.8 2 1593 NA NA NA 673-893 -0.25 0.004 0.34 648

" From EMPA analyses onstarting glasses.

3.3. %°Si NMR spectroscopy

The NMR spectra of starting glasses VT53 (S-free), VT48, 52, and 54
(S-bearing) are presented in Fig. 6. Starting glasses with added iron were
not considered, because excessive quantities of paramagnetic Fe?* cause
severe peak broadening and strong spinning side bands (SSB) (Engel-
hardt and Michel, 1987 and references therein). Two components
characterize the spectra of all samples. The major band with maximum
located at —93.7 to —97.3 ppm can be attributed largely to a mixture of
Q® and Q* species with shifts influenced by partial aluminum substitu-
tion (Engelhardt and Michel 1987), in agreement with previous studies
of silicate glasses, with or without sulfur (e.g., Maekawa et al., 1991;
Minami et al., 2000; Tsujimura et al., 2004). The small sharp peak at
—62 ppm is attributed to very small amounts of crystalline olivine (e.g.,
Kanzaki and Xue, 2016). Forsterite olivine is the first liquidus phase in
the NVP composition at low pressure (Namur and Charlier, 2017) and
submicron-sized crystals likely formed during quenching of the glass,

explaining why they were not visible in the BSE images. The small in-
tegral of this band relative to the rest of the 2°Si NMR spectrum indicates
that such nanocrystals of olivine are present in very small amounts
(<0.1 Si %).

Paramagnetic Mn?" cations present in the samples analyzed by NMR
reduce T1 spin-lattice relaxation times (Scholz and Thomas, 1995), and
can also increase the 2°Si linewidth (Engelhardt and Michel, 1987). The
quantity of Mn in the S-free glass VT53 (0.32 wt% MnO) is higher than in
the other samples (0.04-0.13 wt%), and the additional amount may
cause the pedestal for the main band (Fig. 6).

In typical S-free silicate glasses, as illustrated in Fig. S5 with a
calcium-alumino-silicate (CAS) glass, the primary 2°Si band is typically
symmetric with no peak shoulders, whereas in our glasses this symmetry
is affected by the presence of an obvious broad shoulder on the high
frequency side of the main band spanning a range from —35 to —70 ppm
(Fig. 6). Sample VT52 exhibits the highest 2°Si intensity at ~—58 ppm. A
shoulder at this frequency is inconsistent with silicon oxide Q" species
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VT54 (4.20 wt.% S)
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VT52 (3.82 wt.% S)
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Fig. 6. 2°Si NMR results for starting glasses VT48, 52, 53 and 54. The grey circles indicate the maximum of the main peak (exact values are listed to the right). The
dashed lines on the left side of the main peak are a mirror image of the right side of the same peak, highlighting the effects of Si-S bonds and quenched olivine
crystals. The horizontal double arrow indicates the pedestal for glass VT53, possibly caused by relatively high Mn content.

for these compositions (Engelhardt and Michel, 1987). As has been
previously observed for NayS-SiOy and LipS-SiS2-LisSiO4 oxysulfide
glasses at ambient pressure (e.g., Asahi et al., 1999; Tatsumisago et al.,
1996; Minami et al., 2000), Si-S bonds shift the 2°Si frequencies to
higher values than for Si bonded only to oxygen. Specifically, a band
centered at —50 to —60 ppm has been assigned to the chemical species
(SiO3S)4* (Hayashi et al., 2000). Spectral decomposition with Gaussian
components (Fig. S6) reveals that the area of the shoulder in the case of
VT52 is 14 + 2% of the total silicon species. The composition of the same
glass based on microprobe analysis indicates a S/Si atomic ratio of
12.1%, which is within the error limit of the value based on NMR
spectroscopy. This agreement is consistent with (1) all, or nearly all,
sulfide bonded to Si, and (2) few or no sulfide atoms bridging between
two Si atoms. NMR results for VT48 bolster this analysis. For this sample,
the S/Si percentage from EMPA is 5.0 mol.% and in the NMR spectrum
the shoulder assigned to (SiOgS)4’ is ~50% the intensity of that
observed for VT52 (Fig. 6). Sample VT54 is not in good agreement with
the other sulfide-containing samples, because the area of the shoulder is
smallest of the three, despite having the highest S/Si percentage (12.8
mol.%) from EMPA. The sample has less Ca than VT52, and less Mg than
VT48, so the disagreement cannot be simply explained by proposing that
alkaline metals disrupt bonding of sulfide to Si. Further study is needed
to fully understand the area ratios in the NMR spectra.

The chemical shift at the maximum of the Si-O band reflects the
mean degree of polymerization of the glass and can be compared with
the amount of sulfide and alkaline metal content in the samples. In
general, decreased polymerization of the sample (i.e., decrease in
quantity of bridging oxygen atoms) causes the resonant frequency of 2°Si
to increase, thereby causing the chemical shift to become less negative.
Sample VT53 has no added S, and the maximum position of the 2°Si0,
band is at —96.5 ppm. Sample VT48 has minimal S (1.71 wt%) and the
position of the band is unchanged (—96.7 ppm) within error of the
fitting. Sample VT52 (3.82 wt% S) has a significantly less negative peak
position (—93.7 ppm) which could suggest that the increased Si-S bonds
are associated with decreased polymerization. However, an alternative
explanation for the small shifts must be considered, because the addition
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of sulfide also causes a significant increase in the amount of Ca?*, an
established network modifier. The mol.% values of the two alkaline
metals Mngr and Ca2+, relative to SiO,, are: VT53 (35%), VT48 (33%)
and VT52 (46%). Therefore, the less negative value for § at the band
maximum is consistent with the greater alkaline metal content in sample
VT52. Sample VT54, which has the most sulfide of the samples probed
by NMR, has the most negative chemical shift (—97.3 ppm) but given
significant broadening of the band (~30 ppm, full-width at half-
maximum, FWHM) as well as slight asymmetry in the band shape, the
<1 ppm difference in chemical shift relative to the sulfide-free sample
VT53 (—96.5 ppm) is within error of the analysis. The alkaline metal
content in VT54 (38 at.% of SiO») is nearly the same as for VT53, which
reinforces the suggestion that the chemical shift of the main band can be
rationalized in terms of network depolymerization arising from alkaline
earth cations, without invoking a correlation to sulfide content.

3.4. Raman spectroscopy

Unpolarized Raman spectra of selected starting glasses and samples
quenched after electrical experiments are shown over the 200-1250
em™! frequency range in Figs. 7 and 8. All glasses are luminescent,
which is likely caused by the presence of transition metals (particularly
Mn) and/or defects in the glass structure (e.g., Gaft et al., 2015). The
Raman spectrum of starting glass VT55 containing approximately 5 wt%
S is shown in Fig. 7 and compared with previous studies. The glass
response is dominated by two broad bands with peak positions 550 and
1100 cm~l. These bands reflect the silicate glass structure (e.g.,
McMillan and Piriou, 1983; Mysen and Frantz, 1992, 1994; Neuville and
Mysen, 1996), particularly alkaline earth-bearing alumina silicate
glasses (Merzbacher and White, 1991) that are most relevant to the
present study. The low-frequency Raman band near 550 cm ™! has been
assigned to the deformation vibration of Si-O-Si coupled with bending
vibrations of tetrahedral O-Si-O (McMillan and Piriou, 1983). The high-
frequency band near 1100 cm ™! is attributed to the symmetric Si-O
stretching vibration of Q3 species (e.g., Brawer and White, 1975, 1977;
Moulton et al., 2021).
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Fig. 7. Raman spectrum of a sulfide-rich silicate glass (VT55) acquired with
532-nm excitation. The spectrum is a spatial average and does not include PCA.
Representative spectra from Tsujimura et al. (2004) and Tenhover et al. (1983)
are also shown, with dashed vertical lines to aid comparison. See text
for details.

Compared with S-free glasses, the most notable changes occur in the
low-frequency region (<500 cm™!), where several Raman bands with
varying intensity are observed. Raman bands assigned to Si-S stretching
modes in SiSy glasses have been measured near 430 and 370 cm™!
(Tenhover et al., 1983). Using density-functional theory (DFT), Devi
et al. (2013) computed peak positions for SiS; and other Si-S glasses in
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the 200-600 cm™! spectral window. Given extensive overlap of exper-
imental and computed band positions assigned to various Si-S modes,
with ones spanning the range 225-470 cm ™' which have been reported
for MgS (niningerite) or mixed Mg/CaS samples (Avril et al., 2013),
specific assignments to MgS, CaS, or Si-S are difficult. Nevertheless,
based on the principal component spectra presented in Fig. 8, there is
remarkable overlap between sample VT55/BBC18 and oldhamite from
Avril et al. (2013), suggesting that clusters of CaS may be present in this
sample. The decomposed spectra of VT52 show a prominent band at 330
cm ! (starting glass) or 250 cm ! (after electrical run BBC17). These
features do not match spectra of niningerite or oldhamite. Possibly the
peak positions reflect unique chemical structures (and vibrational
modes) that are specific to our samples, e.g., Ca-S-Si, or Mg-S-Si.
Interestingly, the amplitude of the principal component associated with
sulfide-cation vibrations shows a high degree of spatial variation (see
images in Fig. S7), perhaps providing additional support for spatial
heterogeneity of sulfide distribution in the quenched sample. At this
point, the preceding proposals are speculative, and it would also be
premature to claim that our Raman spectra provide support for Si-S
bonds in the quenched samples and starting materials. Prior Raman
spectra of glasses acquired for a slightly reduced (AIW ~ +42.5) S-
bearing KSisO9 glass (Klimm and Botcharnikov, 2010) or for more
reduced (AIW < —1.5) (Mg,Ca,Fe)S-bearing silicate melts (Namur et al.,
2016a) found no indication of Si-S bonds. In addition, we see no evi-
dence for Na-S bonds, which can be explained by the weak interactions
between sodium and sulfide, and by the absence of NayS species at our
highly reduced conditions (Anzures et al., 2020).

Forsterite was not observed in any of our Raman spectra, as evi-
denced by the absence of peaks in the 820-980 cm ™! range (e.g., Cho-
pelas, 1991; McKeown et al., 2010). The NMR spectra showed that this
phase is present in very small amounts in the bulk starting glasses
(Section 3.3). Most likely, the sharp olivine doublet is missing in our
Raman spectra because of the low concentration, or the spatial regions
that were probed did not have this minor component in them.

Oldhamite
(A. et al., 2013)

BBC18
(VT55, 4.79 wt.% S)
This study

200 400 600 800 1000 1200
Raman shift (cm™)

Fig. 8. Principal component spectra that highlight vibrational bands of sulfide bonded to alkaline-earth metals or silicon (-S-Ca, -S-Mg, —S-Si—O moieties). The
samples are sulfide-rich glasses VT52 (before and after electrical experiment BBC17 performed at high pressure and temperature) and VT55. The spectrum of VT52
starting glass (middle left) is the same as Component 1 illustrated in Fig. S7. Spectra of Ca-rich and Mg-rich sulfides selected from Avril et al. (2013) are also shown

for comparison.
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3.5. Structure of highly reduced S-bearing alkali silicate glasses from a
multi-spectroscopic approach

The complementary results from different spectroscopic techniques
used in our study provide a multifaceted view of the role of sulfur on the
structure and transport properties of highly reduced S-bearing glasses.
Impedance spectroscopy highlights the mobility of charge carriers both
in the glassy and partially molten states; 2°Si NMR spectroscopy pro-
vides direct insight regarding the interactions between S and the silica
network; and Raman spectroscopy reveals interactions between S and
alkaline earth elements.

The NMR results show that significant amounts of sulfur enter the
silica framework by bonding with silicon, possibly even quantitative for
two of the samples (VT48 and 52). Most or all of the S bound to Si is non-
bridging, i.e., it can also interact with network modifier cations. Raman
spectroscopy reveals alkaline earth-sulfides bonds, although the amount
cannot be quantified. In general, alkaline earth elements are known to
be strongly network modifying cations (e.g., Mysen and Richet, 2005),
depolymerizing the structure of silicate glasses via the following
scheme, where the equilibrium is strongly shifted to the right in the case
of CaO:

Si-O-Si + CaO = Si-O-Ca-O-Si (6)

For glasses of the present work, alkaline earth sulfides (CaS com-
plexes) can modify the network in an analogous way:

Si-O-Si + CaS = Si-O-Ca-S-Si (@]

Given that the bond energy (BE) of silicon oxide is considerably
larger than that of silicon sulfide (e.g., BEg;o of SiO5 is 622 kJ/mol, and
BEg;s of SiSy is 533 kJ/mol; Holleman and Wiberg, 1995) it is reasonable
to conclude that CaS is not as strong network modifier as CaO, i.e., the
equilibrium reaction Eq. (7) is not as strongly driven to the right as in Eq.
(6). In the case of Ca%" added as a sulfide, our results from NMR and
Raman spectroscopy indicate that CaS and Si-O-Ca-S-Si moieties
coexist in the glasses, when prepared under highly reduced conditions.
Regions rich with Ca-S or Mg-S bonds in the glass are also compatible
with the chemical variations observed using WDS analyses. The het-
erogeneity in the spatial distribution of sulfide species can be seen as
analogous to the micro-segregation of network modifiers that has been
described in S-free alkaline-earth silicate glasses, where network former-
rich regions coexist with network modifier-rich regions (Greaves, 1985;
Ingram, 1987; Greaves and Ngai, 1995).

Although not directly probing the structure of glasses, electrical
conductivity depends strongly on structural aspects (Martin, 2016) and
provides information at the atomic scale about sulfide - cation in-
teractions. Our electrical measurements show that samples with the
highest S content (VT54 and VT55) can have conductivities ~3 times
more than those without S. The larger ionic radius of S relative to O
atoms imply weaker coulombic interactions with Na®, therefore the
mobility of Nat and bulk conductivity are enhanced in the presence of S
(Ingram, 1987; Martin, 2016). Two arguments can explain why con-
ductivity of our glasses is not uniformly correlated with S content: (1)
the S content ranges from 0 to 5 wt%, which might not be sufficient to
affect conductivity significantly (but this range was chosen for its rele-
vance to Mercury lavas); (2) the S-rich glasses also have relatively high
Ca content, causing competitive effects on conductivity because alkaline
earth elements are known to impede the transport of Na* in alumino-
silicate glasses (e.g., Shelby, 2020; Doremus, 1994). This argument is
consistent with molecular dynamics and NMR studies (e.g., Cormack
and Cao, 1996; Lee and Stebbins, 2003). The fact that the sample with
the highest S content is ~3 times more conductive than the S-free glass
suggests that the effect of sulfur may be quite strong, i.e., sufficient to
overcome the effect of calcium on electrical conductivity.
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3.6. Implication for Mercury

Quantifying Mercury’s electrical conductivity-depth profile is a
specific science objective of the ESA-JAXA BepiColombo mission
because electrical conductivity can be used to describe the present-day
thermal state and inform about planetary cooling (Genova et al.,
2021). The transport properties of highly reduced S-rich silicate melts
are required to understand and model the cooling history and dynamics
of a young Mercury, when it hosted a magma ocean. Our samples are
representative compositions from the Borealis Planitia region, and their
electrical conductivity suggests that Mercury silicate melts are electri-
cally less conductive than oxidized melts (Fig. 5A). Applied to the
planet’s early history, these observations imply that the expected low
fO2 conditions of the magma ocean enhanced its electrically insulating
characteristic. Numerical convection models predict extremely high
conductivity values for a convecting magma ocean to generate and
sustain a dynamo (e.g., >10% S/m; Scheinberg et al., 2018). Given the
low conductivity of Mercury’s silicate melt, the magma ocean would
have to be mostly composed of metal or to contain a large amount of
graphite to reach conductivities > 10®> S/m and generate a magnetic
field. Present-day observations show that a dynamo is generated in the
large metallic core. Whether an electrically insulating silicate shell
influenced the internally generated magnetic field in the core remains to
be investigated at the conditions of Mercury.

Our electrical results will help determine the relationship between
conductivity and viscosity for S-bearing natural melts, which is useful to
understand melt mobility at depth. Developing a laboratory-based
model of electrical conductivity and viscosity of melts allows predic-
tion of viscosity at low temperature (at the end of magma ocean crys-
tallization) using electrical data (Pommier et al., 2013). Furthermore,
probing melts with other spectroscopic methods (NMR and Raman
spectroscopy) yields atomic insights that may overcome the challenge
that viscosity and conductivity depend differently on composition,
bonding, and other material properties. Laboratory experiments on
reduced (IW-5) silicate melts showed that viscosity tends to decrease
with increasing S content (Mouser et al., 2021), which would be
consistent with depolymerization by S. A low-viscosity magma ocean
would enhance convection, facilitating heat transport from the core. As
a result, core cooling would be accelerated, affecting the magnetic field.
Further experimental and theoretical studies of the electrical, thermal,
and viscosity properties of a reduced magma ocean are needed to un-
derstand and model planetary differentiation and cooling.

4. Conclusions

We have synthesized highly reduced (AIW = —6) sulfur-bearing
silicate melts at temperatures of 1573-1673 K, and a pressure of ~1 bar.
At these redox conditions, sulfur is present as §2- (sulfide), and we have
investigated its effect on the glass structure using different techniques:
impedance spectroscopy at elevated pressure and temperature, electron
microscopy, 2951 NMR spectroscopy, and Raman spectroscopy.

Conductivity is a sensitive probe of ionic transport in glasses. Our
results show that conductivity is significantly increased by S content,
even in the small amounts representative of Mercury (<~5 wt%). 2Si
NMR spectroscopy supports the presence of Si-S bonds and for some
samples, band areas suggest that nearly all S is bonded to Si. Regions rich
with Ca-S or Mg-S bonds in the glass are identified using Raman spec-
troscopy to probe starting glasses and quenched materials from elec-
trical experiments. Calcium sulfide appears to act as a network modifier,
but one with a weaker effect than CaO.

Our study as well as the previous viscosity study of highly reduced S-
rich silicate glasses and melts (Mouser et al., 2021) reveal the complex
behavior of S on transport properties. Further work under pressure and
temperature is needed to develop laboratory-based models of these
properties that can then be applied to magma oceans and mantle-
derived melts. Such models shed light on the evolution of Mercury
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Appendix A. Determination of the contribution of different monovalent cations to the bulk conductivity of glasses

Conductivity in our silicate glasses is ionic. Electronic conductivity due to iron is negligible because our glasses are either Fe-free or contain very
small amounts of iron and Si° (Table 3). Conductivity by electrons was also found negligible in sulfide glasses (Na3S-SiSs and K»S-SiS;) (Ravaine,
1980). The contribution of each element i to the bulk conductivity can be estimated using the Nernst-Einstein equation (e.g., Terai, 1968; Souquet and
Perera, 1990; Gaillard, 2004; Pommier et al., 2008):

X; X ¢* x D;

= Al
O T ks xT x H, (A1)

with opy the bulk conductivity, o; the conductivity of charge carrier i, x; the number of charge carriers per unit volume, q its charge, D; the tracer
diffusion coefficient of i, kg the Boltzmann constant, T the temperature, and H, the Haven ratio. In silicate glasses with high Na™ contents, H, ranges
from 0.44 to 0.55 (Souquet, 2021). Here we assume an intermediate value of 0.50.

Alkali (Na* and K*), major alkaline earth (Ca%* and Mg?"), and sulfide are considered possible charge carriers in the glasses of the present study.
For each possible charge carrier, diffusion coefficients are from tracer diffusion studies: Terai (1968) and Jambon (1982) for Na*, Jambon and Carron
(1976) for KT, Behrens (1994) and Natrup et al. (2005) for Ca>" (the same D values were used for Mg?"), and Lierenfeld et al. (2018) for S2~. At a
defined temperature, the conductivity of each element (o;) is calculated using Eq. (A1) and the individual contributions are obtained by comparison
with the measured conductivity.

Although the presence of Si?* has been invoked in reduced glasses (Cooper et al., 2010), the tracer diffusion coefficient of silicon is extremely low
(~3.10_22 m?/s at 1073 K in an aluminosilicate glass; Lepke et al., 2013). Similarly, aluminum has very low D values (<10_22 m?/s below Tg; Lepke
et al., 2013). As a result, we did not consider Si and Al as plausible charge carriers in our glasses. Oxygen is part of the silica network and is not
expected to contribute to the transfer of charges. However, if 02~ were diffusing in the glasses, its contribution would be insignificant because its D
value (~1072° m?/s at 873 K; after Lepke et al., 2013) is several orders of magnitude lower than that of alkali, alkaline earth and sulfur (respectively
~10712, ~1077, and 2.10'% m%/s at 873 K).

As an example, at 873 K, the contribution of sodium cations to bulk conductivity ranges from 96.5 to 99.9% depending on the experiment
considered, and sulfur anions represent the second major contributor with 0-3.5%. One exception is experiment BBC12 (VT55 glass), with estimated
contributions of Nat and $%~ of 85.5% and 15%, respectively. The estimate for the contribution of sulfur is an upper limit because most sulfur enters
the silica framework (Section 3.3) and thus does not contribute to charge transport. The contributions of network modifiers potassium, calcium, and
magnesium cations amount to less than 1%, in agreement with previous studies on dry and hydrous silicate glasses (e.g., Gaillard, 2004; Pommier
et al., 2008).

Appendix B. Supplementary material

The supplementary material includes: method for estimating conductivity error; drawings of electrical cell assemblies; time-temperature paths and
power-temperature curves for electrical experiments; an example of image analysis using software ImageJ; back-scattered electron (BSE) images and
wavelength dispersive spectroscopy (WDS) maps of quenched sample BBC22; the 2°Si NMR spectrum of a CAS glass; Raman spectra and images for
starting glass VT52. Supplementary material to this article can be found online at https://doi.org/10.1016/j.gca.2023.10.027.
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