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Abstract

Sulfur is an important element present in natural kimberlites and along with CO», S can play a role in the
kimberlite degassing. We have investigated experimentally the change in S content and CO- solubility in
synthetic kimberlitic melts in response to a range of pressure (0.5 to 2.0 GPa) and temperature (1500°C to
1525°C). Several initial S concentrations were investigated ranging from 0 to 24000 ppm. The dissolved CO,
and S were determined by Raman spectroscopy and Electron Probe Micro-Analyses.

Under the investigated oxidizing conditions (AFMQ+1), S is dissolved in the glass only as S forming sulfate
molecular groups (SO4%). The measured S concentration in the glasses increases from 2900 to 22000 ppm. These
results suggest that the experimental conditions were below saturation with respect to S and that the S solubility
is higher than 22000 ppm for kimberlitic melts; regardless of the experimental conditions considered here.

COy is dissolved as CO3? molecular groups. The CO; solubility ranges from 3.0 to 11.3 wt% between 0.5 and
2.0 GPa. CO; solubility is not affected by the presence of S; which suggests that SO4> and CO3? clusters have
two distinct molecular environments not interacting together. This result implies that both CO, and S are
efficiently transported by kimberlitic melt from the upper mantle towards the atmosphere.
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INTRODUCTION
Volatiles are ubiquitous components in kimberlites. In particular, CO; (and to a lesser extent H20) has been
shown to be an important volatile species involved in the dynamic and geochemistry of kimberlitic melts
(Dawson 1971). Natural kimberlites exhibit relatively high CO, and H,O content (Kjarsgaard et al. 2009); and
experimental studies have shown that CO, solubility can be as high as 20 wt% in kimberlitic glasses synthesized
under mantle pressure conditions (Brey and Ryabchikov, 1994; Girnis et al., 2005). Under lower crustal pressure
conditions H2O solubility is comparable to the H2O solubility observed in basalts (Moussallam et al. 2016). Up
to now, the potentiality for sulfur (S) to play a significant role in kimberlitic melt has not been explored
experimentally. However, S is an important volatile element involved in various magmatic systems and

especially in alkaline magmas (Bailey and Hampton 1990; Brooker et al. 2011).

Sulfur in kimberlites - the present state of knowledge

Early work by Dawson (1980) gives a range of S from 200 to 8800 ppm in kimberlites from Western Australia;
later, Boctor and Meyer (1982) showed the presence of sulfide minerals in kimberlite from Green Mountain.
These sulfides were suspected to be the products of sulfurization process associated with serpentine. In
particular, sulfides are often found as inclusions in kimberlitic diamonds (Pearson et al. 1996, 1998; Sobolev et
al. 1997). The measured sulfide composition exhibits various Ni content and two groups of sulfides are defined:
E-type with less than 10 wt% Ni and P-type with more than 14 wt% (Deines and Harris 1995). Since the work of
Boctor and Meyer (1982), many more studies indicate that sulfides are ubiquitous mineral phase in natural
kimberlites (e.g. Mitchell 1986; Griffin et al. 2002; Kopylova et al. 2007). These observations witness that S is
an important element involved in the geochemistry of kimberlites.

Recent study by Kitayama et al. (2017) reported relatively high S concentrations in Udachnaya-East kimberlitic
glass (up to 0.5 wt% S) in association with both sulfates and sulfides minerals. The S isotopic signature (i.e.
8%4S) in Udachnaya-East kimberlites reveals that part of this S is magmatic in origin with 6%*Ssurfige = -1.4 %o.
This value is totally consistent with the 5**S isotopic signature from the mantle (0 %o, Chaussidon et al. 1987;
Eldridge et al. 1991; -1.2 to -1.5 %o, Labidi et al. 2013); and is also consistent with measurement of §**S in
sulfide from peridotitic inclusions in diamonds (Rudnick et al. 1993). Recent investigation by Bataleva et al.
(2013) demonstrates that sulfides are produced by desulfation process from crystalline sulfates. Evidence so far
suggests that the mantle magmatic source of the kimberlitic melts is enriched with respect to S and that the

recovered sulfides in natural kimberlites can result from a complex mechanism involving sulfates in the mantle.



Sulfur and CO: behavior in high pressure silicate melts

The CO; or S solubility in silicate melt is currently well-apprehended as a function of intensive conditions. The
CO: solubility in silicate melt shows a positive correlation with pressure and a slight negative correlation with
temperature (Thibault and Holloway 1994; Dixon et al. 1995; Brooker et al. 1999; Morizet et al. 2002).
Decreasing the fO. conditions induces a decrease in the CO; solubility in silicate melt owing to the lower
thermodynamic activity of CO; in the fluid phase (Pawley et al. 1992; Morizet et al. 2010; Wetzel et al. 2013).
For S, there is a strong positive effect of temperature on S solubility (O’Neill and Mavrogenes 2002; Jugo et al.
2005; Scaillet and Pichavant 2005; Beermann et al. 2011). Early work (Wendlandt 1982) suggested that pressure
has a negative effect on the S solubility. Redox conditions play a major role on the S solubility: the S solubility
in silicate melt is lower under reducing conditions (i.e. low fO,) than under oxidizing conditions (Jugo et al.
2005). Furthermore, S solubility exhibits a non-monotonic evolution with increasing fO, conditions
corresponding to the change in S speciation from S to S& species (Jugo et al. 2005; Klimm et al. 2012).

The effect of silicate melt compositions on CO; and S solubility has been studied experimentally for decades.
The most recent thermodynamic or semi-empirical models integrate the change in melt compositions to
reproduce solubility data for CO; (lacono-Marziano et al. 2012) and S (Zajacz and Tsay, 2019). In particular,
there is a consensus from previous experimental studies that the CO; and S dissolution is mostly governed by the
NBOI/T (Brooker et al. 2001; Zajacz 2015); which corresponds to the degree of polymerization of the silicate
network. The NBO/T is defined as the concentration of Non-Bridging Oxygen per Tetrahedron and is calculated
on a stoichiometric basis (e.g. Mysen 1988, 1990). From the structure point of view, this parameter represents
the connectivity between network forming units (i.e. tetrahedral units). Considering that Si** cation is the most
important network former in silicate melts, the degree of polymerization is primarily a function of the melt SiO;
content. A rhyolitic melt has a strongly polymerized structure whereas a kimberlitic melt is strongly
depolymerized. Depolymerizing the silicate melt structure (i.e. increasing the NBO/T) will induce an increase in
both CO- (e.g. Brooker et al. 2001; Moussallam et al. 2015) and S solubility (Zajacz 2015; Zajacz and Tsay
2019).

A great deal of effort has been made for determining the CO, dissolution mechanism in silicate melts. For
instance, early studies (Fine and Stolper 1985; Blank and Brooker 1994; Brooker et al. 1999) showed that CO»

dissolves in silicate melts according to the following simplified reaction:

CO{luid + 02—melt N C0§_melt (1)



The S dissolution mechanisms in silicate melts are more complex owing to the different S oxidation states (from
S? to S&*; Wilke et al. 2011; Klimm et al. 2012; Morizet et al. 2013a). Under oxidizing conditions (i.e. fO, >
FMQ-+1; Fayalite-Magnetite-Quartz), S is present as SO fluid species and dissolves as S* sulfate groups (504%)
with the following reaction proposed by Fincham and Richardson (1954):

SOJe 42 ofit 4 g2mmett , gop-mett )

In both reactions, O? is an oxygen species from the melt, usually a NBO taken from the silicate network
tetrahedral units. The carbonate (CO3?) and sulfate (SO4%) molecular groups have two negative charges
compensated by available network modifying cation (e.g. Na*, K*, Ca?*, Mg?*). Consequently, the dissolution of
both CO; and SO fluid species involves a strong interaction with the silicate network. It should be pointed out
that the interplay in between the two chemical reactions is currently unknown and whether one chemical reaction
affects the other remains to be determined. The CO; and S behavior are well-constrained individually; however,
there is a lack of experimental investigation when mixed volatile species are present (CO2 and S) that is a usual
case in natural systems (e.g. Chiodini and Frondini 2001; Aiuppa et al. 2010). Furthermore, experimental
investigation of the solubility for depolymerized melts such as kimberlites are lacking.

In the present work, we have investigated experimentally the change in CO; solubility in haplokimberlititc melt
under high pressure and temperature conditions and in equilibrium with a mixed fluid phase CO,-SO». The
change in the dissolved S content is scrutinized. We have explored the dissolution mechanisms for CO; and S
using Raman spectroscopy. We also discuss the implications of these results in term of S and CO; transport by

kimberlitic melts.

MATERIALS AND METHODS
Starting materials
We investigated the same composition as in Morizet et al. (2017a; see Table 1); which provides S-free CO,-
bearing solubility data. As a result, the effect of S dissolution on the CO solubility could be determined and
comparison to S-free solubility data can be achieved. The composition (Table 1: 44.5 wt% SiOg; 4.9 Al,Os; 22.8
MgO; 22.8 CaO; and 4.9 Na2O) represents a simplified composition compared to typical natural kimberlite (e.g.
Novicki et al., 2004; Becker and Le Roex, 2006); however, as shown in previous works (Brooker et al., 2001;
Morizet et al., 2017a), one of the major control on volatile solubility in silicate melt is the degree of
polymerization of the melt. We explore a haplokimberlite composition depolymerized in nature as expressed by

the NBO/T > 2 (Brooker et al. 2001); and represents a close analogue to natural kimberlites. We prepared the



compositions from a mixture of spec pure oxides (SiOz, Al,03 and MgQO), carbonate (Na,CO3 and CaCOs) as a
source of CO», and sulfate (CaS0O.) as a source of S during the experiments. Prior to the high pressure
experiments, the loaded initial S is in an oxidized state (S%*). We mixed the starting powder in an agate mortar
under dry conditions to avoid potential contamination issues. We stored the starting material in an oven at 100°C
to minimize H,O adsorption. The starting powders contained an excess fluid phase: >17 wt% CO; and different
initial S content: 3300, 6500, 12800 and 24000 ppm (see Table 1). We weighed the starting material into Pt
capsules and we sealed the capsule by arc-welding. We checked the capsule for leakages by placing the capsule

after the experiments into a hot silicon oil bath.

Experimental syntheses

We investigated pressure conditions from 0.5 to 2.0 GPa and temperature above 1500°C to make sure super-
liquidus conditions were reached. The experiments were performed in an end-loaded piston-cylinder apparatus
using ¥ and ¥ inch talc-Pyrex assembly for high pressure experiments at 0.5-1.5 and 2.0 GPa, respectively. We
used talc-Pyrex assemblies manufactured by Ceramic Substrate© company. The talc-Pyrex assembly self-
imposes oxidizing conditions above FMQ+1 (Kdgi et al. 2005). Those oxidizing conditions induce the presence
of oxidized species only (i.e. CO, and SO) in the fluid phase. It should be pointed out that we did not conduct
redox controlled experiments in which the fO, conditions are reducing to induce the presence of sulfide species.
The Pt capsule was surrounded by a Magnorite© ceramic sleeve to avoid contact with the graphite furnace. We
used the pressurization method described in Brooker et al. (1998) for the attainment of the experimental
conditions: 1) pressure is increased to 0.5 GPa at room temperature, 2) temperature is increased up to 500°C, 3)
pressure is increased up to the desired pressure using the automatic needle pump Stigma®© at a rate of 75
bars/sec., and 4) temperature is increased at a rate of 40°C/min.. During the experiment, the temperature is
monitored by a type B (PtRhs-PtRhsg) thermocouple with an accuracy of +5°C. The experiment durations were at
least 3h to attain equilibrium conditions. The quench is done by cutting off the power. We applied an isobaric
quench (no decompression bubbles) with an automated needle pump. The quench rate is timed at approximately
100°C/sec. in the first five hundreds °C.

The hiss at the opening of the capsules indicates that all the experiments were conducted in fluid saturated
conditions. We examined the recovered samples optically and samples showing evidences of crystals were
discarded. Most of the experimental charges consist in a clear glass; however, we observed that at high S

content, the glass is slightly colored in brown. Examination using Secondary Electron Microscopy for these



samples did not reveal the presence of crystals (see Online Resource 1). We separated the recovered

experimental charge in several aliquots for subsequent analyses.

Analytical methods

Electron Probe Micro-Analysis (EPMA)

For each sample, we embedded a glass fragment into an epoxy resin pellet, polished down to 1 um, and coated
with a thin carbon surface. We determined the major element concentrations and total S content in glasses using
Electron Probe Micro-Analyses Cameca SXFive®©, with 15kV and 6 nA, with 10 s peak counting time for all
elements (5 s counting on the background). The standards for our analysis were wollastonite (CaSiOs),
corundum (Al,Q3), albite (NaAlSisOg), periclase (MgO), barite (BaSO.). Na was analyzed first to avoid alkali
loss. We conducted the analyses in defocused mode (20 pm beam diameter) to limit elemental loss. The
determined glass composition is reported in Table 1 in wt%. The average glass major elements concentrations
were obtained from more than 20 analyses. The standard deviation (one sigma) for each oxide is better than 0.5
wit%.

The measured glass compositions exhibit differences in the major element concentration (see Table 1) when
compared to the theoretical composition. These differences are due to difference in the batch starting material.
However, glass samples can be compared to each other. Furthermore, the degree of polymerization expressed as
the NBO/T and calculated from stoichiometry is 1) very close to the theoretical composition and 2) comparable
within each glass (see Table 1). Considering the NBO/T is a strong control on the CO; solubility (Brooker et al.
2001) and S solubility (Zajacz 2015; Zajacz and Tsay 2019), the slight variation in glass compositions (~0.2 in
NBO/T) will not influence the volatile solubility; especially at such high CO2 solubility and S content.

Raman spectroscopy

For each glass sample, we collected Raman spectra on a Jobin-Yvon LabRam HR Micro-Raman spectrometer
equipped with a 532 nm laser wavelength. For this non-destructive method, no sample preparation is required
(i.e. raw piece of glass placed on a glass slide). The laser output power is set at 100 mW without damaging the
sample. We used a 1200 grating/mm corresponding to a spectral resolution of ~0.8 cm™. The acquisition time
was typically 30 to 60 s with 5 to 10 repeated scans. We performed the acquisitions in a non-confocal mode with
a slit aperture of 200 um and a X50 long working distance Olympus objective. The non-confocal mode results in
a large glass volume analyzed (~10 um in depth). At least 3 spectra were obtained on different glass chips from

the experimental charge to assert sample homogeneity with respect to S and CO; contents.



We studied the spectral range 200-1250 cm* covering the area of the silicate network, the CO; dissolved as
CO3% (v1 CO3% ~1080 cmL; Morizet et al. 2013b) and S dissolved as SO4% (vi SO4* ~1000 cm*; Klimm and
Botcharnikov 2010). The 2500-3900 cm™ frequency region was also investigated to determine the possible
presence of water and reduced S species (S%; Klimm et al. 2012). The spectra were background subtracted by

placing a polynomial function in the no-band areas: ~200, ~800 and above 1200 cm* (Morizet et al. 2013b).

RESULTS
Raman spectra of COz- and S-bearing kimberlitic glasses
Fig. 1 shows typical Raman spectra for CO.- S-bearing haplokimberlitic glasses (Fig. 1a) and the typical
deconvolution for Raman spectra showing the determined ppm S®* and the wt.% CO; (Fig. 1b). We represent the
Raman spectra in the range 775-1200 cm™* corresponding to the region of interest for the studied volatile species
and the glass structure. The Raman spectra shown in Fig. 1 exhibit several vibrational features that are
characteristic of 1) the silicate network symmetric stretch showing a broad signal in the 800-1200 cm™ range, 2)
the dissolved sulfate symmetric stretch (v1 SO4%) at ~1000 cm* and 3) the dissolved carbonate symmetric stretch
(v1 CO3%) at ~1080 cm™. The silicate network signature is a combination of several individual species called Q"
species (n representing the number of Bridging Oxygen, BO from 0 to 4; McMillan 1984; Frantz and Mysen
1995; Mysen 1999). Investigating the distribution of Q" species is beyond the scope of this work, however, the
line shape of the silicate network symmetric stretch (i.e. the distribution of Q" species) is a function of the melt
chemical composition. In depolymerized kimberlitic melts, the silicate network vibrational signature will be
shifted to lower Raman shift value whereas for fully polymerized composition (e.g. rhyolitic melt) the silicate
network vibrational signature will be shifted to the right and extend up to 1200 cm.
Reduced S species such as HS™ (peak at ~2570 cm™*; Klimm et al. 2012) have not been observed in the Raman
spectra. A small amount of water has been observed with a Raman signature at ~3500 cm™*. The H,0 peak
intensity is small suggesting that H»O is present under low concentration (<0.3 wt%). The presence of H20 in
experimental charge from high pressure piston-cylinder experiments is almost unavoidable. Although we took
precautions for preparing the starting materials, H»O is present as moisture adsorbed to the powder.
In Fig. 1a, the spectra have been scaled to the same intensity for the v CO3? located at ~1080 cm™. The
dissolved CO; content is correlated to the ratio between the intensity (or area) of the v CO3> and the one for the
silicate network (Morizet et al. 2013b). As observed in Fig. 1a, there is an apparent decrease in the intensity of

the silicate network vibrational signature from HKS1-3 to HKS3-2. This observation is consistent with an



increase in the CO; content from HKS1-3 to HKS3-2. The increase in CO content is in agreement with our
current knowledge: CO- solubility is positively correlated to the increase in the experimental pressure (Thibault
and Holloway 1994).

The intensity of the vi SO4? peak is also correlated to the amount of dissolved S as S®* (Morizet et al. 2017b). As
shown in Fig. 1a, HKS3-2 and HKS1-3 spectra exhibit a strong signal for vi SO4? at 1000 cm™ consistent with
high S content dissolved as S®*. This peak is absent for HKS4-1 spectrum suggesting S is dissolved in low
concentration. The peak intensity appears correlated to the initial loaded S. For instance, the HKS4-1 loaded with
3300 ppm S does not show evidence for intense v SO4% peak; on the contrary, the HKS3-1 loaded with 24000
ppm exhibits a strong v1 SO4% peak located at ~1000 cm. It also implies a very low concentration of S in the

fluid phase.

Raman spectroscopy versus EPMA for the quantification S in glasses

We used the calibration of Morizet et al. (2013b) for quantifying the CO; content and the calibration of Morizet
et al. (2017b) for quantifying the S content dissolved as S species. The spectrum simulation were conducted
with the Origin© peak fitting package. The setup of the initial conditions for the spectrum deconvolution is
critical. The peak positions for the SO42 and CO3? is roughly constant. The SO4% peak position ranges from
999.0 to 1007.8 cm'!; the CO3% peak position ranges from 1082.0 to 1088.3 cm™*. The silicate network species
have variable position depending on the glass chemical composition and on the degree of polymerization
(Morizet et al. 2013b). The Full Width at Half Maximum (FWHM) is dependent on the considered species: for
SO.% and COs* we used a FWHM at ~30 cm; whereas for silicate network species, the FWHM is fixed at ~60
cm*. The lower FWHM for SO4% and CO3? is due to the molecular configuration of these species. The S-O and
C-O bonds are not strongly perturbed by the surrounding silicate network and therefore the distribution in S-O
bond length is not large. On the contrary, the tetrahedral units of the silicate network have strong interactions
(i.e. strong interconnections) and the distribution in the Si-O bond length (and bond angles) is larger (Morizet et
al. 2013b; 2017b).

The simulation is obtained by successively optimizing the Gaussian peak positions and FWHM. The procedure
is repeated several times in order to obtain the lowest chi-squared value traducing the robustness of the fit. It
should be emphasized that the simulation result shown in Fig. 1b represents only one possible solution. Error in
the determination of the S content using Raman is possible owing to the important overlapping of the vi SO4*

peak with the silicate network peaks. The error associated with the spectrum deconvolution is less important for



the quantification of CO; as the vi CO3% peak is on the right hand side of the silicate network; therefore the
definition and simulation of the peak is less impacted by the presence of the silicate network vibrations.

We determined the ratio between the areas of the Gaussian peaks of the species to be quantified (i.e. vi SO4> and
v1 CO3% peaks) and the sum of the silicate network species (see Fig. 1b). The concentration of the species of
interest (i.e. CO, and S%) is determined with the following equation:

A.
Ci= a; X L

@)

Y Asilicate network

Where C; is the content of the i species, A is the area of the Gaussian peak for the i species, Y Asilicate network 1S the
sum of the Gaussian peak area for the silicate network units, and o; is the calibration factor for the i species:
asos2- = 34371 and ocoz- = 13.5; from Morizet et al. (2017b) and Morizet et al. (2013b), respectively. Additional
simulation results are provided in the Online Resource 1. The error reported in Morizet et al. (2013b, 2017b) on
the determined CO- and S concentrations are £0.4 wt% and £609 ppm, respectively. The S content is given in
ppm and the CO; in wt% in Table 1. The error reported for CO; and S corresponds to the standard deviation
derived from replicated measurements and therefore witnesses the homogeneity in the CO and S contents within
the glass. The S content in HKS4-1 could not be determined due to the extremely low concentration in S and no
reliable simulation of the v; SO4? peak could be achieved.

For the presently synthesized CO.- and S-bearing glasses, the determined range of CO2 is 3.1 to 11.3 wt% from
Raman and the S content ranges from 536 to 25507 ppm from EPMA (see Table 1). We have compared the
results obtained for quantifying ppm S®* from Raman spectroscopy and the total S quantification from EPMA.
As shown in Table 1 and Fig. 2, we observe that the ppm S®* determined with Raman is in agreement with the
ppm S determined from EPMA. It should be emphasized that different glass chips were used for the
quantification of S by Raman and EPMA. It implies that possible heterogeneity in the S content within the glass
experimental charge is discarded. The most important difference in the measured S content is observed for the
sample with the highest S concentration (HKS3-2). There is a ~4000 ppm difference in the determined S
between Raman (21296 ppm S®) and EPMA (25507 ppm S™!). The EPMA method is one of the most reliable
method for analyzing the S content (e.g. Clemente et al., 2004; Evans et al., 2008; Lesne et al., 2011) and
therefore provides more accurate measurement of the S content. However, the measured S content in this glass
cannot be above the loaded S content (24000 ppm). In that case, the EPMA analysis (25507 ppm) overestimates
the S in that particular sample and the Raman determination (21296 ppm) is more representative of the actual S

content in this glass. Although, as the determination of the S content using Raman spectroscopy is dependent on



the spectrum simulation (see Fig. 1b), a more important error is expected. Nevertheless, we show that both

methods are in agreement with respect to S determination.

DISCUSSION
Volatile content and effect of S on CO: solubility
The change in the CO; solubility and S content as a function of pressure is reported in Fig. 3. We observe from
data in Table 1 and Fig. 3 that the measured S content in the glass is very close to the initial loaded S content in
the starting powder (see Table 1), suggesting that most of the experiments were conducted in undersaturated
conditions with respect to S. The HKS1-2 -3 have ~11000 ppm dissolved for an initial S content of 12800 ppm;
HKS4-2 has 2870 ppm S for an initial S content of 3300 ppm; and 25507 ppm S (21296 ppm using Raman
spectroscopy) has been measured for HKS3-2 for an initial S content of 24000 ppm. We observe several
experimental charges for which the ppm S measured by EPMA is very low in comparison to the loaded initial S.
Currently, this observation is unexplained. Nevertheless, the determined high S content implies that in most of
the case we did not reach the S saturation limit. Another piece of evidence is the absence of sulfate
crystallization that would indicate the sulfate saturation (Li and Ripley 2009). These results also point to the fact
that S is mostly dissolved in the melt; however, there is a part of the S present in the fluid phase suggesting that
there is a thermodynamic equilibrium between the melt and the fluid during the experiments.
To the exception of the work of Zajacz (2015) and Jugo et al. (2005) and for oxidizing conditions, the S content
in HKS3-2 (>20000 ppm S) is the highest measured so far in silicate glasses. Jugo et al. (2005) measured a
maximum solubility of ~20000 ppm in basaltic glass synthesized at 1 GPa. Zajacz (2015) showed that increasing
the degree of depolymerization (i.e. increasing the NBO/T) increases the S solubility. More recently, Zajacz and
Tsay (2019) established a model for the S solubility that is positively correlated with the NBO/T parameter.
Considering that we investigate a strongly depolymerized composition (NBO/T > 2) analogous to natural
kimberlitic melts; we show that kimberlitic melts have the capacity to dissolve a large quantity of S in its silicate
network structure.
The measured CO; solubility (up to 11.3 wt%) is below the initial CO, loaded in the starting material (~18 wt%)
and the excess CO; is in the fluid phase. At 0.5 GPa, 2.9 wt% CO- were reported in Morizet et al. (2017a) for
HK-2 and more than 3.8 wt% CO, are measured in presence of S: 6198, 11298 and 11979 ppm S for HKS2-3,
HKS1-2 and HKS1-3, respectively. Furthermore, at 2 GPa, the CO; solubility is 10.9 and 11.3 wt% for S content

of 25507 and 2870 ppm, respectively. We observe a gradual increase in the CO, solubility regardless of the S



content. This result was not anticipated and following thermodynamic consideration a decrease in the CO;
solubility with increasing S was expected. As a result, we suggest that S does not seem to have any effect on CO;

solubility considering that we obtain a similar CO- solubility for S-bearing and S-free glasses.

CO:2 solubility as a function of CO: fugacity in mixed CO2-SO: fluid composition

During the high pressure high temperature experiments, there is a coexistence between a silicate melt and
supercritical fluid phase that is a mixture of CO, and SO, owing to the oxidizing conditions. The thermodynamic
calculations are performed taking into account the mixed fluid phase. We used mass balance to determine the
molar fraction of each fluid species (see Table 1) such as:

chl)z + Xsféz =1 4

Where X is the molar fraction of the fluid species either CO, or SO,. Owing to the very important difference in
between the loaded CO; and S prior to the experiments we can reasonably approximate the molar fraction of the
i species in the fluid phase with the following equation:

X[+ xm o~ Xt (5)

Where Xt corresponds to the molar fraction of the i species initially loaded in the experiment; X;" and X;™ are
the molar fractions of the i species determined in the melt and in the fluid phase. It can be seen that CO,
represents most of the fluid phase as compared to SO, (SO; is supposed to be the stable S species in the fluid
under oxidizing conditions) with more than 84% CO, in HKS3-1 at initial conditions. The species activity in the
fluid is calculated with the following:

al' =x" x f,(P,T) (6)

Where fi(P,T) corresponds to the fugacity of the i fluid species at the P and T conditions. The fugacity has been
calculated with equation of state valid in the investigated P and T range (Holland and Powell, 1991; Shi and
Saxena, 1992). The calculated fi(P,T) for SO, and CO; are given in Table 1. We clearly observe that the activity
of SO in the fluid phase is extremely low in comparison to the one of CO, owing to the extremely low Xso2 in
the fluid phase: at least one order of magnitude of difference in between the fso2(P,T) and the fco2(P,T).

We have reported in Fig. 4 the change in CO; solubility as a function of fco. for the derived fluid composition.
We also have reported CO, solubility data from a few previous studies within the same range of pressure (i.e.
fcoo) and for comparable types of silicate melt compositions: Ca- and Mg-melilitite from Brooker et al. (2001);
olivine melilitite from Brey and Ryabchikov (1994); olivine leucitite from Thibault and Holloway (1994); and

melilitite from Morizet et al. (2017a). We observe in Fig. 4 that the CO, solubility measured in the



haplokimberlitic melt is intermediate between the melilitite and olivine leucitite. This behavior was anticipated.
Morizet et al. (2017a) showed that increasing Mg content (i.e. decreasing Ca content) induces a decrease in CO>
solubility for comparable degree of polymerization; therefore explaining the lower CO> solubility in the HKS
composition as compared to the melilitite composition. The olivine leucitite composition has a lower NBO/T
than HKS composition and therefore lower CO; solubility is expected. As inferred earlier, we clearly show that
dissolving S does not influence the CO> solubility for kimberlitic melts. It also implies that the major control for

CO; dissolution in a given composition is the activity of CO; in the fluid phase.

SOz and CO:z dissolution mechanisms and implication for volatile transport by kimberlitic melt

The absence of S effect on CO- solubility is explained partly by the composition of the fluid phase (mainly COy);
however, the question of the S and CO; dissolution mechanisms remains open. One hypothesis for explaining the
absence of S effect on CO; solubility is that CO, and S have two distinct dissolution mechanisms with different
surrounding cations. Recent work (Morizet et al. 2019) showed that CO3* groups in depolymerized glasses are
mostly dissolved in the surrounding of Ca?* cations (and not Mg?*). Currently, the cationic affinity for SO4*
groups is unknown. One hypothesis is that SO4> groups dissolve preferentially in the surrounding of Mg?*
cations instead of Ca?*. In that case, the local environment of CO3?, which is mostly Ca?* (or Na* to some
extent), will not be affected or weakly affected by the dissolution of SO4* groups.

The presented results also implies that kimberlitic melts represent a good carrier of S providing that S is present
in the magmatic source. If we assume a S content in the Earth’s mantle at ~200 ppm (see Palme and O’Neill,
2003 and references therein) and considering that S is an incompatible element, the high S content (>20000 ppm)
measured in the haplokimberlitic melt would be obtained with ~1% partial melting that corresponds to the
incipient melting (Wallace and Green 1988; Presnall and Gudfinnsson 2005; Green et al. 2010). Considering that
incipient melting is the most feasible process to generate kimberlitic melts (Tappe et al. 2018); hence, our
measurement of the high S content in kimberlitic melts is totally consistent.

The results demonstrate that S can be dissolved in large quantities in strongly depolymerized melts (at least 2.0
wt% S). We did not strictly reach the saturation with respect to S, further work is required in order to determine
the S solubility for these melt compositions. The determined CO; solubility and S content in the present work
also imply that the partition coefficient (Dmm corresponding to the ratio between the concentrations of the
element in the melt and in the fluid) of S (dissolved as S®*) is by far higher than the one for CO. In other words

S appears to be much more soluble than CO; in kimberlitic melts at high pressure.



The present experimental work concentrates on the high sulfate content owing to the oxidizing conditions during
the experiments. This approach is not incompatible to the observed sulfides in natural kimberlites (Boctor and
Meyer, 1982; Griffin et al., 2002; Katayama et al., 2017). As demonstrated by Bataleva et al. (2018),
transformation from sulfates to sulfides is possible under mantle conditions and could take place into kimberlitic
melts. The reactions proposed by Bataleva et al. (2018) involves several chemical reactions desulfation and

sulfidation with olivine and carbon (i.e. diamond) to form pyroxenes and sulfides.

SUMMARY
Magmatic systems have often multiple volatile species (e.g. CO2, H2O and SO). Deciphering the interplay
between volatiles is a key aspect for understanding volcanic degassing processes. For a synthetic kimberlitic
compositions, we have conducted a series of experiment under high pressure (0.5-2.0 GPa) and high temperature
(>1500°C), under oxidizing conditions, and a mixed fluid phase (CO- and SO). In the present work we show
that:

e Under oxidizing conditions, S is dissolved as SO42 molecular group. The measured S content suggests
that the S solubility in low silica depolymerized composition is extremely high; and comparatively, the
S partition coefficient is higher than the one for CO..

e The presence of S does not influence the CO; solubility (the opposite is also true: the presence of CO;
does not influence S solubility). This is explained by the low thermodynamic activity of the SO, in the
fluid phase in comparison to the one of COg; but also by distinct dissolution mechanisms for CO; to
form CO3% and SO, to form SO4% molecular groups. SO4% and CO3z* molecular groups have two
distinct local environments not competing together.

¢ During incipient melting, low silica, strongly depolymerized kimberlitic melts have a strong transport
capacity for CO- but also for S. It has major implications in particular for planetary bodies such as Mars
for which S is recognized as a key element.

e The present results are consistent with the observation that S-bearing phases are observed as magmatic
crystallization products in kimberlite magma.

Future work will concentrate on the determination of the exact SO4%> and CO3> molecular configuration in the
glass structure. In detail, determining the nature of the surrounding cations for each volatile species will be an

objective to fulfill as the volatile species diffusion properties will strongly depend on the associated cations.
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Table caption

Table 1 Experimental conditions, major elements compaositions, volatile content and fluid phase composition.

;fh HK HK HK- HKS1- HKSI HKS2 HKS1 HKS3 HKS HKS2 HKS3- HKS4
Y S SR 2 3 3 1 4 41 2 2 2
P
GPa - 05 1 15 05 05 05 1 1 1 15 2 2
)
I’C) 122 122 122 1525 1525 1525 1525 1500 1500 1525 1500 1500
B - 0 0 0 12800 12800 6500 12800 24000 3300 6500 24000 3300
wt% 17. 17
co; - M M o177 183 183 195 183 172 202 195 172 202
nit
0,
w4440 37 4o 373 372 363 390 386 380 370 336 353
Sio, 5 1 2
3A'20 49 44 42 43 43 43 42 55 31 37 42 37 37
'(\)"g 282' 2;' 23' 219 186 186 184 189 179 190 188 166 171
Ca0 Zg' 25' Zj' 220 269 270 262 247 257 244 267 247 251
(N)az 49 45 45 45 38 40 40 31 35 42 41 37 38
O, - - - - 22 21 11 06 18 01 10 44 05
ITOta 93' 972' Sf' 929 931 932 902 919 907 895 919 868 855
N 24 22 23 22 24 24 24 21 23 23 24 24 24
Wi% 3120, 50:0 68:0 4250, 50: 7.920 109:0. 11.3%
o 29 56 71 35:03 % ” .2 0 Ser T ? "
pom  _ __ _ 13402+ 11484 7906 4161 11312 . 7706 21296 2112
S 1194 336 34 225 +102 "0 o8 1364 4236
ppm 11079+ 11208 6168 3393 9970+ 536+ 5620 25507+ 2870
St 676  +514 +565 +323 578 189 +443 851  +221
X0 _ o 0 o0 -0 0 -0 005 007 00l ~0 -0 0
2
éch@ - 1 1 1 -0 ~10 ~10 095 093 099 ~1.0 ~1.0 ~10
O: o o o0 -0 0 -0 5030 6713 1462 0 -0 0
fcO, _ 132 866 332 _ 1323 ~132 8542 ~332 ~11622 ~116
5 33 43 o516 18238 T4 33 82436 81029 ", S50 To 9962

* The haplokimberlite theoretical composition is the one reported in Morizet et al. (2017a). The HK-1 -2 and -3 are from Morizet et al.
(2017a) and are for S-free experiments.
T The NBO/T is the degree of polymerization expressed as the ratio between Non-Bridging Oxygen and Tetrahedra and is calculated form
major element concentrations (see Brooker et al. 2001).
f The wt% CO, and ppm S are determined from the deconvolution of the Raman spectra and using the subsequent calibrations of Morizet et
al. (2013b, 2017b). The ppm S* is determined from the EPMA analyses. The error on the values is ~10% in relative to the value for volatiles
determined using Raman deconvolution. The error on the ppm S* is determined from the standard deviation on more than 20 analyses.

§ The fluid phase composition is estimated from mass balance calculation (see text for details). The volatile fugacity is determined from the
equation of state of Holland and Powell (1991) and Shi and Saxena (1991) for CO, and SO,, respectively. Considering that S is almost
entirely dissolved in the melt, the activity of SO, in the fluid phase is therefore close to 0.



Figure caption

Fig. 1 a) Raman spectra obtained for HKS glasses synthesized at different pressures. The spectra are scaled to
the intensity of the vi COs? peak. b) Typical Raman spectrum deconvolution for HKS3-2 glass: one peak for
CO3?, one peak for SO% and four peaks for the silicate network. The wt% CO; and ppm S8 is determined from

the deconvolution and subsequent calibrations: Morizet et al. (2013b, 2017b).
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Fig. 2 S content determined by Raman spectroscopy (ppm S¢*) and the calibration of Morizet et al. (2017b) from
the Raman spectrum simulations (see Fig. 2) as a function of S content determined by EPMA. The reported

errors are the ones in Table 1 and obtained from standard deviation of the replicated analyses.
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Fig. 3 Change in wt% CO, and ppm S' as a function of pressure. A trend has been added for CO, showing the

increase in CO2 solubility as a function of pressure. S-bearing and S-free data are reported.
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Fig. 4 Change in CO- solubility as a function of calculated fco2(P,T). Data from Brey and Ryabchikov (1994),

Brooker et al. (2001), Thibault and Holloway (1994) and Morizet et al. (2017a) are also shown for comparison.
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SUPPLEMENTARY INFORMATION
Secondary Electron Microscopy
The HKS3-2 glass sample exhibits the highest S content; which is measured at 25507+851 ppm S by EPMA.
Such high S content was surprising as it represents the highest dissolved S in silicate glasses so far. We observe
this glass sample with SEM in backscattered in order to investigate the possible chemical heterogeneities. The
images on Fig. 5 obtained on two different glass chips from the experimental charge show that the HKS3-2 glass
sample is entirely homogeneous in composition and not evidence of crystalline sulfate is observed. Considering
that the measured S content is close to the initially loaded S content and that no evidence for crystalline sulfate
indicating sulfate saturation is found; the S solubility is not reached and that the amount of S that can be

dissolved in this type of depolymerized composition is higher than 2.5 wt%.

HKS3-2: 1500°C 2.0 GPa
25507 +/-851 ppm S

T T—— ET= 1500k SgnaA-BSDAA
6 I Ci — Mag= 38X WD = 8.6 mm oth = ma

Fig. 5 Scanning Electron Microscopy image acquired in Backscattered mode for two glass chips of HKS3-2

synthesised at 2.0 GPa and 1500°C with an initial S content of ~24000 ppm. The SEM picture reveals that the

glass is totally homogeneous in composition and that sulfate saturation is not reached.

Raman spectrum deconvolution

Typical Raman spectrum deconvolutions are shown in Fig. 6 for the investigated S- and CO,-bearing glass
samples. The raw Raman spectra are first treated to subtract the baseline using a polynomial function (3 or 4
order) with anchors points at ~200, ~800 and ~1200 cm?, respectively. These areas are chosen as they are no

signal areas.



The deconvolution is conducted on the high frequency region corresponding the symmetric stretch of the silicate
network (Q" species), the symmetric stretch of the sulfate groups (vi SO4?) and the symmetric stretch of the
carbonate groups (vi COs%). The simulation is performed with the Gauss function in Origin 7.5© using 4
Gaussian lines for the silicate network, 1 Gaussian line for the SO? and 1 Gaussian line for the CO3%.

For most of the spectrum, the initial parametrization (i.e. peak position) was as follow: 1000 cm™ for vi SO4Z,
1085 cm* for v; CO3%, 880, 910, 950, 1050 cm* for the silicate network. However, in a few cases (for high CO,
and S contents), it was required to add a Gaussian contribution at ~1100 cm. Although the question of the effect
of volatile species on the silicate melt structure is not the purpose of this work, it has been demonstrated that the
dissolution of volatiles induces a polymerization of the silicate network (Moussallam et al. 2016; Morizet et al.
2013, 2017); which will be visible on the Raman spectrum by a shift in the high frequency towards higher
Raman shift and appearance of additional peaks such as the one at 1100 cm™. It should be emphasised that the
initial peak positions are consistent with previous works (see Rossano and Mysen 2013; and reference therein).
The FWHM (Full Width at Half Maximum) is set initially at 30 cm™ for the v; SO4? and the v; CO3%; 55 cmt
for the silicate network peaks.

The optimization is done in several steps. First, the position of the peaks is optimized at a fixed FWHM; then the
FWHM is optimized at the fixed position. These two steps are repeated several times until the fit has totally
converged and that the chi-square (y?) is as low as possible. The y? represents the goodness and robustness of the
fit; however, one should keep in mind that the proposed fit represents only one possible solution. The residuals
shown in Fig. 6 suggest that the fits are reliable, though. The derived parameters are reported in Table 2. The v1
SO.%/HF and vi CO3%/HF ratios are calculated from the derived area of each peak and shown in Table 2 along

with the standard deviation obtained from the simulation of several Raman spectra.

A: HKS1-2: 0.5 GPa 1525°C B: HKS1-3: 0.5 GPa 1625°C C: HKS2-2: 1.5 GPa 1525°C
11298 ppm S EPMA
11255 ppm 5%
11379 pprm S*" EPMA 3.6 wi% CO, SOMF = 0327 5620 ppm 5 EPMA 8.2wt% CO,
COJMF = 0.263 2.6wt.% CO,
14272 ppm $* 7763 ppm S% COJMF = 0.602

I CO/HF =0.189
50,5HF = 0415 SO HF = 0.226

800 800 1000 1100 1200 800 900 1000 1100 1200 800 900 1000 1100 1200
Raman shift (cm™) Raman shift (cm™) Raman shift (cm™")



Fig. 6 Typical Raman spectrum deconvolution obtained for HKS1-1 (A), HKS1-3 (B), HKS2-2 (C). The peak
for vi CO3% and SO,% are indicated in blue and green, respectively. The ratios to quantify both the CO; and the
S5* are reported and calculated using the areas of the vi CO3? and SO4> peaks divided by the areas of the peaks

for the silicate network (in black).
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Table 2 Simulation results for the HKS Raman spectra.

Vibra Param HKS1- HKS1- HKS2- HKS1- HKS3- HKS4- HKS2- HKS3- HKS4-
tion eter” 2 3 3 1 1 1 2 2 2

Number of
3 4 5 3 5 9 5 2 4

spectra

Positi
1000.2 1000.4 997.3 1003.1  1000.0 1005.7 1000.5 1001.7 1007.8

Vi on

SO FWH
32.7 30.5 36.1 36.0 34.9 33.6 34.6 30.3 35.9

M

Positi
1084.0 1084.6 1084.4 1086.8 1089.2 10855 10859 1085.5 1085.9

\%1 on

COs* FWH 28.507 27.301
30.72 325 33.9 335 31.9 32.9 34.7
M 85 33

Positi
1069.3 1067.5 1054.7 1049.4 1054.2 1050.9 1049.1 1124.2 1044.0

on

FWH
68.1 70.6 73.6 86.6 76.4 69.6 91.5 120.1 100.3

M

Positi
951.4 953.0 950.4 962.0 951.7 981.3 955.8 1051.4 974.9

on

Silica FWH
47.3 45.9 51.0 57.7 50.8 60.2 45.4 79.7 64.4

te M

netw  Positi
908.8 909.7 902.7 906.0 904.7 934.7 912.3 954.3 915.2

ork on

FWH
43.1 41.2 45.0 56.4 42.9 58.1 40.6 47.8 76.5

M

Positi
867.0 868.9 864.2 864.7 867.5 874.5 869.6 886.6 848.2

on

FWH
47.1 46.2 43.6 39.3 42.1 54.1 45.3 63.0 76.0

M




auphWwWN

0.390+ 0.334+ 0.230+ 0.121+ 0.329+ 0.013+ 0.224+ 0.620+ 0.061%
v1 SO#Z/HF?
0.035 0.010 0.001 0.001 0.006 0.002 0.003 0.040 0.007

0.256+ 0.227+ 0.369+ 0.499+ 0.309+ 0.434+ 0580+ 0.799+ 0.836%
v1 COz2/HFt
0.019 0.045 0.003 0.016 0.004 0.012 0.036 0.004 0.060

* The determined parameters are the peak position and the Full Width at Half Maximum (FWHM).

t The ratios between vi SO42/HF and vi CO3%/HF are determined from the derived areas of the peaks. The HF
value is obtained by summing the peak areas of the silicate network Gaussian lines. The error on the ratio
corresponds to the standard deviation of the ratio determined from the different Raman spectra simulation.



