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ABSTRACT 12 

 13 

 The solubility and solution behavior of F and Cl in peralkaline aluminosilicate compositions 14 

in the systems Na2O-Al2O3-SiO2 and K2O-Al2O3-SiO2 have been determined for glasses 15 

quenched from melts equilibrated at 1400˚C and 1600ºC in the 1.0-2.5 GPa pressure range. 16 

With Al/(Al + Si) increasing from 0 to 0.33 in sodium aluminosilicate melts, F solubility 17 

(saturation concentration) increases from 3.3 to 7.4 mol%, whereas Cl solubility decreases 18 

from 5.7 to 2.5 mol%. There is no difference in F solubility in sodium or potassium 19 

aluminosilicate melts. However, the Cl solubility in potassic aluminosilicate melts is 40-60% 20 

lower than in sodic melts with the same Al/(Al + Si) and Na or K mole fraction.  21 

Fluorine depolymerizes the silicate melt structure and forms Si-F, Al-F and Na-F 22 

complexes, the proportion of which depends on the melt Al/(Al +Si) ratio. Dissolution of Cl 23 



results in a small degree of depolymerization of Al-free silicate melt, whereas Cl has a 24 

polymerizing effect in aluminosilicate melts. In both cases, formation of Na-Cl complexes 25 

appears to be the driving solution mechanism.  26 

The differences in F and Cl solution mechanisms result in contrasting depolymerizing 27 

effects that become more pronounced with increasing degree of magmatic differentiation. 28 

Through such modifications of melt structure, F and Cl have significant effects on magma 29 

properties such as viscosity, compressibility and element partitioning. 30 

 31 

keywords 32 

Fluorine, Chlorine, solubility, solution mechanism, aluminosilicate melt, ionic complexes, 33 

magma degassing 34 

 35 

INTRODUCTION 36 

 37 

Because of their effects on magma properties, F and Cl are of particular interest for assessing 38 

the dynamics of volcanic systems. They can be used as geochemical tracers that allow us to 39 

reconstruct the eruptive dynamics of volcanic edifices, as shown for instance by the study of 40 

Villemant and Boudon (1998) focused on Mt Pelée (Martinique, French West Indies) or by 41 

the study of Balcone-Boissard et al. (2011) focused on the 79 AD eruption of Vesuvius (Italy). 42 

Therefore, knowledge of the solubility and bonding of F and Cl in silicate melts and 43 

associated effects on melt structure is of prime importance for geochemical and 44 

volcanological problems. 45 



Fluorine and chlorine concentration in magmatic liquids (≤ 1wt%) is rather low 46 

compared to H2O in magmas, yet the halogens can play a significant role during magmatic 47 

processes. Dissolved F lowers silicate melt viscosity (Dingwell 1987; 1989; Dingwell et al. 48 

1993; Dingwell and Hess 1998; Giordano et al. 2004) and crystallization temperatures (Wyllie 49 

and Tuttle 1961; van Groos and Wyllie 1968; Luth 1988a; Filiberto et al. 2012) in a manner 50 

resembling H2O. Our understanding of the effect of Cl on melt properties is considerably less 51 

comprehensive. A few studies exist on the effect of Cl on melt physical properties (e.g., 52 

Dingwell and Hess 1998; Zimova and Webb 2006; Zimova and Webb 2007) and its effect on 53 

liquidus temperatures (Filiberto and Treiman 2009).  Chlorine dissolved in peralkaline melt 54 

can increase viscosity, but it reduces the liquidus temperature.  55 

The type of fluoride complexes formed in melts determines how F affects silicate melt 56 

structure. Results from Raman, Infrared and 19F Nuclear Magnetic Resonance (NMR) 57 

spectroscopy suggest that F could form Si-F bonds when dissolved in SiO2 melts (Dumas et 58 

al. 1982; Duncan et al. 1986). However, as the concentration of Al and alkalis or alkaline 59 

earth elements increases, F can also form Al-F bonds as well as alkali or alkaline earth 60 

fluoride complexes (Mysen and Virgo 1985a,b; Foley et al. 1986; Luth 1988b). Recent data 61 

from 19F and 29Si Magic Angle Spinning (MAS) NMR spectroscopy for Na-aluminosilicate 62 

quenched melts (glasses) have suggested that Na-F and Al-F complexing (with variable Al 63 

coordination and variable Si/Al ratio in the F-bearing complexes) is more important than 64 

complexes with Si-F bonding (Kohn et al. 1991; Schaller et al. 1992; Stebbins and Zeng 2000; 65 

Zeng and Stebbins 2000; Stebbins et al. 2000; Mysen et al. 2004).  66 

  For Cl-bearing melts, both viscosity measurements (Dingwell and Hess 1998; Zimova 67 

and Webb 2006, 2007; Baasner et al. 2013) and structural data from 35Cl MAS NMR 68 



spectroscopy (Stebbins and Du 2002; Sandland et al. 2004; Evans et al. 2008) indicate that Cl 69 

preferentially bonds with network modifiers (alkalis and/or alkaline earths). Such solution 70 

mechanisms imply that Cl causes silicate melt polymerization and, consistently, dissolution of 71 

Cl in peralkaline melts increases their viscosity. However, dissolved Cl produces the opposite 72 

effect on the viscosity of peraluminous melts, which decreases upon Cl addition (Baasner et 73 

al. 2013). This difference suggests that the effect of Cl on melt structure depends on melt 74 

composition. Different solution mechanisms of F and Cl are also reflected by different 75 

diffusivity of F and Cl in magmatic melts (Alleti et al. 2007, Balcone-Boissard et al. 2009, 76 

Böhm and Schmidt 2013). Indeed, F diffuses one order of magnitude faster than chlorine in 77 

phonolitic melts (Balcone-Boissard et al. 2009, Böhm and Schmidt 2013), whereas in basaltic 78 

melts, F diffusion is half as fast as Cl (Alleti et al. 2007).  79 

Despite the important and different effect of F and Cl on properties of magmatic melts, 80 

little or no systematic efforts have been made to compare their solubility and solution 81 

mechanisms in silicate and aluminosilicate melts of similar compositions at similar pressure 82 

and temperature conditions. We report here results from experiments on F and Cl solubility 83 

and solution mechanisms in peralkaline and meta-aluminous quenched melts in F- or Cl- 84 

enriched Na2O-Al2O3-SiO2 and K2O-Al2O3-SiO2 systems.  85 

 86 

METHODS 87 

 88 

Experimental methods 89 

 90 



Two different sets of starting materials were prepared, one on the joins Na2O-SiO2 and 91 

NaAlO2-SiO2 and the second on the joins K2O-SiO2 and KAlO2-SiO2. The F and Cl were 92 

added to these starting compositions in the experimental sample container.  93 

Compositions of starting materials are shown in Table 1. In Al-free systems, the NS5 94 

and KS5 compositions used for F solubility experiments stand for Na2O•5SiO2 and 95 

K2O•5SiO2, respectively. The NS3 and KS3 compositions used for Cl solubility experiments 96 

stand for Na2O•3SiO2 and K2O•3SiO2, respectively. The NS4 composition used for both F and 97 

Cl solubility experiments denotes Na2O•4SiO2. The aluminum-bearing compositions are 98 

denoted NS3Ax, KS3Ax, NS4Ax, NS5Ax and KS5Ax, in which x represents the mol percent 99 

Al2O3, which varied from 2.5 to 12.5. The studied melts are peralkaline (i.e., M/Al > 1, with 100 

M = Na or K), such that Al3+ can be considered as exclusively in 4-fold coordination in fully 101 

polymerized Q4 units charged balanced by the alkalis (see, for example, Mysen and Richet, 102 

2005, chapter 4, for review of the concepts of charge-balance of tetrahedrally-coordinated 103 

Al3+, and Mysen et al., 2003, for experimental data on Al3+ distribution among Q-species in 104 

peralkaline aluminosilicate melts). In order to isolate the potential effects of Al/(Al + Si) from 105 

changes in melt polymerization, the aluminosilicate compositions were synthesized such that 106 

the non-bridging oxygen per tetrahedron (NBO/T) ratio of the melts for a given compositional 107 

series does not change with increasing Al/(Al + Si) ratio of the bulk melt (Table 1). 108 

Starting materials were prepared from mixtures of high-purity Na2CO3 or K2CO3, SiO2 109 

and Al2O3, decarbonated by slow heating (50ºC/15 minutes), and then melted for 2 hours at 110 

~100ºC above their liquidi (from 900 to 1400ºC; liquidus data from Osborn and Muan 1960). 111 

The melts were quenched to glass, crushed and ground under alcohol for 1h. Before grinding, 112 

one piece of glass of each composition was kept for major element analysis (Table 1). The 113 



heating step used for decarbonation was repeated before each experiment in order to prevent 114 

possible hydration or carbonation of the starting materials by absorption of CO2 and H2O from 115 

the ambient atmosphere. After this drying step, the powdered starting glasses were 116 

immediately loaded into Pt capsules with approximately 10 wt% F2 (as 33 wt% AgF2) or 5 117 

wt% Cl2 (as 23 wt% PdCl2). The loaded capsules were welded shut before high-pressure and 118 

temperature experiments.  119 

Experiments were conducted at 1.0 to 2.5 GPa and 1400ºC for NS5Ax, KS5Ax and 120 

NS4Ax compositions, and at 1600ºC for NS3Ax and KS3Ax compositions. A 90-minute 121 

experimental duration was used for all experiments. This duration was chosen based on F and 122 

Cl diffusion data in basaltic melts [Alleti et al. (2007), accounting for pressure effects on 123 

diffusion, Dingwell et al. (1985)]. Experiments were performed in 3/4 and 1/2 inch-diameter 124 

furnace assemblies (Kushiro 1976) in a solid-media, high-pressure apparatus (Boyd and 125 

England 1960) at the Geophysical Laboratory (GL). Three 3 mm-diameter capsules (4 mm-126 

length) were loaded in 3/4 inch-diameter furnace assemblies for 1.0, 1.5 and 2.0 GPa 127 

experiments; for 2.5 GPa-experiments, a single 3 mm-diameter capsule was loaded in ½ inch-128 

diameter furnace assemblies. From pressure-calibration with the quartz-coesite transition 129 

(Bohlen 1984), the uncertainty is ±0.1 GPa. The experimental temperature was controlled to 130 

within ± 5ºC of the set point using Pt/Pt90Rh10 thermocouples. The samples were quenched by 131 

turning off the power to the furnace, which resulted in an initial (down to about 500ºC) 132 

average quenching rate of 100ºC/sec. 133 

After each experiment, the capsules were opened to recover the glass. A portion of the 134 

sample was retained for analysis by Raman spectroscopy. The remaining glass was mounted 135 



in epoxy resin and polished for analyses by energy dispersive spectroscopy (EDS) on the 136 

scanning electron microscope (SEM).  137 

 138 

Analytical methods 139 

 140 

Major elements, F, and Cl were analyzed with a JEOL JSM-6500F field emission scanning 141 

electron microscope (FE-SEM) equipped with an energy dispersive spectrometer (EDS) 142 

operating at 15 kV with a 0.1 nA beam current. A FE-SEM is more suitable than an electron 143 

microprobe for these analyses because the energy dispersive spectrometer, in conjunction with 144 

the very low beam current of the FE-SEM, is useful for beam sensitive materials requiring 145 

low beam current during analysis (Raudsepp 1995). Although wavelength dispersive 146 

spectrometer (WDS) analysis has been suggested to be more precise than EDS analysis for 147 

various analytical problems, the accuracy of both methods is comparable for polished glasses 148 

(Kuisma-Kursula 2000).  Because our samples contain numerous bubbles (Fig. 1) and are very 149 

rich in Na and K, elements known to migrate under an electron beam, their analysis is 150 

challenging. These problems require use of a low beam current and a defocused electron beam 151 

to reduce Na and K migration. The shape and size of the beam area had to be adjusted for 152 

each analysis in order to avoid bubbles. The beam was defocused to 25 µm to reduce Na 153 

migration and to 25 to 50 µm to reduce K migration.  154 

Pyrope (for Si), scapolite (for Na and Cl), ENAL20 (for Al, GL standard), K1597 (for 155 

K, NIST standard), topaz (for F) and MnO2 (for Mn) were used as standards to obtain 156 

quantitative elemental analysis. Analytical accuracy and precision was evaluated by replicate 157 



measurements of orthoclase, diopside and topaz of known compositions. Counting times used 158 

were 50 sec per element.  159 

To evaluate possible Na, K, F or Cl loss, several analyses were carried out on the same 160 

sample spot. There were no significant compositional changes (within one standard deviation) 161 

for Na, F or Cl, when using a beam larger than 15 x 15 µm2, and for K when using a beam of 162 

50 x 50 µm2. However, significant losses were observed for the composition KS3Ax, even 163 

when the beam was defocused to 50 µm. For compositions KS3A7.5 and KS3A10, we time-164 

monitored the K loss (counting times from 2 to 20 sec) and extrapolated back to 0 sec to 165 

deduce the initial K content. For KS3Ax compositions with Al2O3 ≤ 5mol%, K loss was so 166 

significant in the first 5 sec that the extrapolation procedure could not be applied. Data 167 

presented in Table 1 for KS3, KS3A2.5 and KS3A5 were calculated, therefore, from the 168 

weighing data from the initial starting glass preparation.  169 

Raman spectroscopy was employed to examine the structure of the quenched melts. 170 

The Raman instrument used is a JASCO model IRS-3100 confocal microRaman spectrometer 171 

with holographic gratings. Sample excitation was accomplished with the 532 nm line of a 172 

solid-state laser operating at a power of 6.4 mW on the sample. A 50X objective lens was 173 

employed for visual microscopic examination and spectroscopic analysis. Signal detection 174 

was provided by an Andor Model DV401-F1 1024 x 128 pixel (25 µm pixel size) Peltier-175 

cooled CCD. A grating of 1200 grooves/mm was used, which results in a CCD window 176 

covering the 265-2110 cm-1 frequency range with resolution of ±3 cm-1. Acquisition time was 177 

typically 15 min per spectrum.  178 

Background correction of the Raman spectra was performed using a cross-validation 179 

spline function (Woltring, 1986), fitted to spectral portions devoid of signals near 800 and 180 



1300 cm-1. After subtraction of the spline function, the 850 to 1300 cm-1 region was fitted 181 

using 5 to 6 Gaussian peaks with lmfit interface (Newville et al. 2014) and the optimization 182 

algorithms implemented in the Scipy library (Jones et al. 2001). During fitting, peak half 183 

widths were constrained to vary within ±20 cm-1 of their initial estimated value and peak 184 

frequencies were allowed to vary within ±25 cm-1.  185 

To avoid the under-constrained problem resulting from the strong convolution of 186 

signals from Q3 and Q4 units with similar intensities, we exploit the fact that Al3+ enters 187 

mostly in fully-polymerized Q4 units in peralkaline compositions (c.f. Mysen et al. 2003; 188 

Allwardt et al. 2005; Le Losq et al. 2014). Mysen et al. (2003) showed that addition of Al at 189 

constant NBO/T should result in increasing contributions from Q4 units; therefore, we expect 190 

little to no change in the half width of the peak assigned to Si-O stretch vibrations in Q3 units 191 

(1050-1100 cm-1; see Results and Discussion for peak assignments) with increasing Al/(Al + 192 

Si) at constant NBO/T. Furthermore, changes of the Na/Si ratio (and polymerization) should 193 

not significantly affect the half width of the 1050-1100 cm-1 peak assigned to Q3. In the 194 

spectra of the Na2O-SiO2 glasses, it is ~32 cm-1 for Na/Si = 0.5 (this study), ~27 cm-1 for 195 

Na/Si = 0.67  (Le Losq et al., 2014) or ~29 cm-1 for Na/Si = 1.33 (Neuville 2006). For a given 196 

compositional series, we determined the half width of the 1050-1100 cm-1 peak in Al-free 197 

glasses, typically between 29 and 32 cm-1, similar to reported values, and used this value to fit 198 

the spectra of Al-bearing glasses. 199 

The curve-fitting itself was performed by minimizing the least-square difference 200 

between calculated and observed spectra using the Powell optimization algorithm (Powell, 201 

1964). After testing all gradient-based and gradient-less optimization algorithms implemented 202 

in Scipy, the Powell algorithm (a gradient-less method) gave the most robust and reproducible 203 



fits. 204 

The errors on the estimated peak parameters were determined using the bootstrap 205 

method, well established for error estimation in statistics (c.f. Efron and Tibshirani 1994). A 206 

three-step bootstrap technique was employed, which consists of (1) resampling the data, 207 

accounting for data uncertainty in the model errors; (2) randomly choosing between two 208 

optimization algorithms (Powell and Nelder-Mead [Nelder and Mead, 1965]) for fitting the 209 

resampled data, accounting for the arbitrariness in the choice of the optimization algorithm 210 

and the precision and accuracy of that algorithm, and (3) twice fitting the resampled data with 211 

the chosen algorithm. The Nelder-Mead algorithm was chosen as the second algorithm 212 

because it provides results that are as robust as those from the Powell algorithm, but its 213 

reproducibility is slightly lower. Steps (1), (2) and (3) were repeated N times, and for each 214 

parameter, we calculated its standard deviation using its N values from the N models 215 

generated by the bootstrap. In this study, we used N = 128 because it was found that mean 216 

values and standard errors of the fitting parameters did not evolve significantly when N > 80. 217 

 218 

RESULTS AND DISCUSSION 219 

 220 

In the following sections, F and Cl solubility and solution behavior was determined 221 

with glasses. This glass structure reflects the structure of supercooled melt at the glass 222 

transition temperature. 223 

 224 

  1. F and Cl solubility in aluminosilicate melts 225 

 226 



 At experimental conditions, F and Cl are released from the thermal decomposition of 227 

AgF2 (AgF2  → Ag0 + F2) and PdCl2  (PdCl2 → Pd0 + Cl2). At the end of the experiments, Ag0 228 

and Pd0 are found as small, shiny beads of metal (nm to 3 µm), as also reported by Jago and 229 

Gittins (1989). The presence of these metal beads indicates that Ag and Pd were not oxidized 230 

during the experiments and do not bond with the melt structure. As the only volatiles present, 231 

F and Cl saturation in the melts is confirmed by the presence of bubbles.  In the case of F-232 

bearing samples, these bubbles were nm to 5 µm in diameter, whereas in the Cl-bearing 233 

samples, the bubbles were 10 to 40 µm in diameter (Fig.1).  234 

 The F and Cl concentrations in the silicate and aluminosilicate quenched melts are 235 

presented in Table 2 and Table 3. In these analyses, interference of some of the metal beads 236 

was unavoidable. The melt compositions were, therefore, renormalized to 100 wt% after 237 

subtraction of Ag and Pd contents in the analyses of the melts (up to 6 mol% of Ag and 0.78 238 

mol% of Pd). Variation of Ag concentration (from 0 to 6 mol% between individual analytical 239 

points) resulted in a change smaller than 0.45 mol% in F, which is near or within one standard 240 

deviation of the F analysis. The compositional homogeneity of the quenched melts confirms 241 

that a duration of 90 min for the experiments was sufficient to achieve F and Cl equilibrium in 242 

melts (Table 2).  243 

The F solubility increases from 3.33 (±0.73, 1σ) to 7.40 (±0.08) mol% in the NS5Ax 244 

sodic system, and from 3.63 (±0.23) to 6.52 (±0.55) mol% in the KS5Ax potassic system with 245 

increasing Al/(Al + Si) from 0.0 to 0.33 (Fig. 2A). The solubility in NS4Ax and NS5Ax melts 246 

is similar, within error. In comparison, in more polymerized melts such as that of NaAlSi3O8 247 

composition [i.e. NBO/T ~ 0; Al/(Al + Si) = 0.25], the F solubility is 6-7 times greater (59 248 

mol% F) at the same pressure and temperature conditions (Dingwell 1987).  249 



 In contrast to F, Cl solubility is negatively correlated with the bulk Al/(Al + Si) ratio 250 

of the melt (Fig. 2B). At 1.5 GPa and 1600ºC, with increasing Al/(Al + Si) from 0 to 0.33, the 251 

Cl concentration decreases from 5.70 (± 0.65) to 2.45 (±0.30) mol% in the NS3Ax sodic 252 

system, and from 3.63 (± 0.21) down to 1.14 (± 0.20) mol% in the KS3Ax potassic system. 253 

The Cl solubility in Na-aluminosilicate melts, therefore, is about 1.5 times higher than that in 254 

K-aluminosilicate melts. The Cl solubility NS4Ax (1400ºC) and NS3Ax melts (1600ºC) are 255 

comparable (Fig. 2B), suggesting that neither slight changes in Na/Si nor a 200ºC temperature 256 

difference significantly affects Cl solubility, the latter observation being in agreement with 257 

Stagno and Dolejš (2007), Stelling et al. (2008) and Chevychelov et al. (2008).  According to 258 

the model of Webster et al. (2015), a 200ºC temperature variation applied to our data should 259 

result in a 3% variation in Cl solubility, which is within the standard deviation on the present 260 

Cl solubility measurements.  261 

 The chlorine data are consistent with those of Zimova and Webb (2006) who also 262 

observed decreasing Cl solubility with increasing Al content in Na2O-Fe2O3-Al2O3-SiO2 263 

melts. However, they are inconsistent with the empirical Webster et al. (2015) model, which 264 

predicts an increase of Cl solubility with Al/(Al + Si). This may arise from the fact that this 265 

empirical model was developed on the basis of Cl solubility data in chemically much more 266 

complex natural systems. Indeed, results from the model are consistent with a Cl solubility 267 

increase from felsic (latite; NBO/T = 0.11; Al/(Al + Si) = 0.25) to mafic (basaltic; NBO/T = 268 

0.76; Al/(Al + Si) = 0.27) melts, as observed by Webster and De Vivo (2002). Therefore, Cl 269 

solubility is probably a complex function of the melt composition. 270 

There is a linear, positive relationship between pressure and both F and Cl solubility 271 

(Fig. 3). While the F solubility-dependence on pressure is the same regardless of the Al 272 



content (Fig. 3A), the Cl solubility-dependence is about three times higher in Al-free and Al-273 

poor (NS3, NS3A5 and KS3, KS3A5) melts than in Al-rich melts (Fig. 3B). Moreover, the 274 

pressure dependence of Cl solubility is about three times greater in NS3Ax melts than in 275 

KS3Ax melts (Fig. 3B). 276 

 277 

2.  Raman spectroscopy of F and Cl-bearing sodic melts 278 

 279 

Raman spectra of volatile-free and of F- or Cl-bearing NS4Ax quenched melts in the 280 

frequency range of first order Raman scattering of (Si, Al)-O stretch vibrations are shown in 281 

Fig. 4 (between 850 and 1300 cm-1).  Note that the spectra are reproducible in each sample 282 

regardless of the presence and abundance of metal beads. Therefore, we conclude that the 283 

presence of metal beads have no influence on the melt structure. There is a maximum between 284 

1000 and 1100 cm-1 with visible shoulders on both sides, the detailed features of which vary 285 

with Al/(Al + Si). This spectral topology resembles the Raman spectra of volatile-free 286 

peralkaline aluminosilicate melts (Merzbacher and White 1991; Mysen et al. 2003). However, 287 

Raman spectra of F- or Cl-bearing melts differ from spectra of volatile-free melt. In Al-free 288 

and Al-poor compositions, both F- and Cl-bearing melts show Raman spectra with more 289 

intensity near 950-1000 cm-1 and less intensity near 1100 and 1150 cm-1 compared to Raman 290 

spectra of volatile-free melts. In Al-rich melts, less intensity near 950-1000 cm-1 and more 291 

intensity near the 1100 and 1150 cm-1 are observed in the spectra of both F and Cl-bearing 292 

glasses compared to those of volatile-free glasses. In order to decipher those topological 293 

differences, Raman spectra were deconvoluted with 5 to 6 bands, in agreement with previous 294 



studies on similar melt compositions (Mysen et al., 2003; Le Losq et al., 2014; Dalou and 295 

Mysen, 2015).  296 

The assignments of bands in the 850-1300 cm-1 region of the Raman spectra have been 297 

extensively described to be associated with (Si, Al)-O stretch vibrations (e.g. Mysen et al., 298 

1982; McMillan, 1984; Matson et al. 1986; Mysen, 1999; Le Losq et al., 2014). In this study, 299 

we assigned the main bands in the 850-890, 930-970, 1070-1110 and 1100-1170 cm-1 ranges 300 

in accord with Mysen et al. (2003) and Le Losq et al. (2014), who supported the Raman 301 

assignments with NMR spectroscopic data. Details on band location, bandwidth and 302 

amplitude are presented in Table 4.  303 

The band near 950 cm-1 (dark grey shading in Fig. 5) is assigned to Si-O stretching 304 

vibrations in Q2 structural units, the band near 1100 cm-1 (grey shading in Fig. 5) to Si-O 305 

stretching vibrations in Q3 units and the bands near 1150 cm-1 and 1190 cm-1 (white bands in 306 

Fig. 5) to stretching of (Si,Al)-O° (O°: bridging oxygen) bonds in Q4 units. Consistent with 307 

Mysen et al. (1982), Seifert et al. (1982), Mysen (1990), Neuville and Mysen (1996), Le Losq 308 

and Neuville, 2013 and Le Losq et al. (2014), a bimodal shape is observed for the Si-O stretch 309 

signal assigned to Q4 units. Two Gaussians, here named Q4,II (1140 cm-1) and Q4,I (1170 cm-1), 310 

are used as a mathematical solution to account for this asymmetry of the Si-O stretch signal 311 

from Q4 units (see Le Losq et al. 2014 for further discussion). In contrast, Dalou and Mysen 312 

(2015) used only one Gaussian to describe Q4 units; their approach was chosen to facilitate 313 

comparison to the data of Mysen (2007). There is, therefore, an expected discrepancy between 314 

the Raman fit results of the present study and Dalou and Mysen (2015). However, we chose 315 

use two gaussians for fitting the Q4 signal, since it is clearly assymetric in pure silica, silica-316 

rich silicate glasses and tectosilicate glasses. (Mysen et al. 1982; Seifert et al. 1982; Mysen 317 



1990; Neuville and Mysen 1996; Le Losq and Neuville 2013; Le Losq et al. 2014; Neuville et 318 

al. 2014). 319 

A band around 1000-1070 cm-1 is observed in all spectra (light grey shading). Results 320 

from molecular simulations (Spiekermann et al. 2012; 2013) and comparisons of simulations 321 

and neutron scattering data (Sarnthein et al. 1997, Pasquarello et al., 1998) with Raman data 322 

(Le Losq and Neuville, 2013; Le Losq et al., 2014) indicate that this peak may be assigned to 323 

the Si-O asymmetric stretching vibrational mode of SiO2 tetrahedra. Those studies show that 324 

this peak probably arises from asymmetric stretching of Si-O bonds in Qn units and clearly 325 

establish that the Si-O asymmetric stretching mode T2 of SiO2 tetrahedra occur at similar 326 

frequencies (Sarnthein et al., 1997; Pasquarello et al., 1998). This band is however difficult to 327 

fit, because it is present in a region in the spectra not-well defined, i.e where no significant 328 

shoulders or peaks are present. Our results show that its intensity and width increase with 329 

increasing Al content, consistently with Le Losq et al. (2014). The width is not significantly 330 

changing (±5 cm-1), compared to changes observed in tectosilicate glasses (Neuville and 331 

Mysen 1996, Le Losq and Neuville 2012). 332 

In Raman spectra of Cl-bearing glasses, a band near 890 cm-1 was necessary to fit the 333 

spectra. It may be assigned to (Si,Al)-O- (O-: non-bridging oxygen) vibrations in Q1 structural 334 

units (c.f. Mysen et al., 1982), but the origin of this peak is uncertain. This peak is barely 335 

visible in the spectra, and will be put aside for quantification of the glass polymerization using 336 

the area of the Qn peaks.  337 

The curve-fitting of the spectra of F-bearing quenched melts requires an additional 338 

band around 990 cm-1 (cross-hatched in Fig. 5) to minimize the χ2 (Table 5). The peak was not 339 

observed in spectra of silicate melts with low F content [F/(F+O) ≤ 0.015], but appears at 340 



F/(F+O) > 0.02 (e.g. Mysen and Virgo 1985a; b; Luth 1988b; Mysen et al. 2004). This band is 341 

not required in curve-fits of the Raman spectra of halogen-free or Cl-bearing melts. Therefore, 342 

it likely can be assigned to a vibration involving F. It may not be assigned to Na-F, because 343 

such molecules gives Raman signals near 450-500 cm-1 (e.g. Hardy et al. 1969). A band at 344 

~945cm-1 was observed in SiO2-F glasses and was assigned to Si-F stretching vibrations in 345 

SiO3F tetrahedral units on the basis of valence force field calculations (Dumas et al. 1982). A 346 

peak observed near 907 cm-1 was assigned to Si-F stretching vibrations in amorphous 347 

fluorinated silicon films (Yamamoto et al. 1983). Fluorine-19 NMR data of F-bearing silicate 348 

glasses have provided evidence of SiO3F and SiO2F2 complexes, but not of SiF4 and SiOF3 349 

(Duncan et al. 1986). Therefore, the band near 990 cm-1 observed in our F-saturated silicate 350 

and aluminosilicate melts can be assigned to stretching vibrations of Si-F bonds. In agreement 351 

with Dumas et al. (1982), we propose that those bonds occur in SiO3F tetrahedral units, where 352 

fluorine replaces one of the oxygens in the silicate tetrahedral. It is difficult to assess the exact 353 

degree of polymerization of the oxygen atoms in the SiO3F units. Changing the BO/NBO ratio 354 

of the SiO3F units is likely to result in changing the Si-F frequency in such unit (Mysen and 355 

Virgo, 1985b). However, we note that the vibrational frequency of the 990 cm-1 band is 356 

constant, regardless of the Al/(Al + Si) of the present glasses (Table 6). Therefore, the exact 357 

extent to which the oxygen forms bridges with neighboring silicate tetrahedra in the SiO3F 358 

units does not change with Al/(Al + Si).  359 

In order to quantify the effect of F and Cl on the silicate melt structure, relative band 360 

intensities from the Raman spectra must be converted into Qn-species units fractions through 361 

(Mysen, 1990;  Mysen and Frantz, 1993) 362 

[Qn]  =   θ n × AQn  ,         (1) 363 



where θ n is a conversion factor, depending directly on the Raman cross section of Si-O bonds 364 

in Qn units. In addition, melt polymerization can be calculated using the mean number of non-365 

bridging oxygen per tetrahedrally coordinated cation (NBO/T; here Al3+ and Si4+):  366 

NBO/T = 2 × [Q2]  + [Q3]   = 2 × [θ 2 × AQ2]  + [θ 3 × AQ3]              (2a) 367 

Comparison of NBO/T between F or Cl-bearing melts and volatile-free melts can be obtained 368 

by: 369 

 ΔNBO/T = NBO/TF or Cl  - NBO/TVolatile-free                (2b)  370 

 The θ 2 and θ 3 values are close to unity for sodium silicates (Mysen, 2007) therefore θ 371 

2 and θ 3 factors are negligible in Eq. 2a. Therefore, we can calculate a Raman-apparent 372 

ΔNBO/T with equation 2b with using directly the Raman areas. This Raman-apparent 373 

ΔNBO/T will be close to the true ΔNBO/T based on the assumption that θ n factors are 374 

negligible. Whether or not halogen substitution affects the integrated intensities of Raman 375 

bands assigned to Si-O stretch vibrations is not known. By using θ n -factors determined from 376 

halogen-free melts, we might have introduced an unknown inaccuracy in the calculated Qn 377 

fractions in halogen-bearing melts. Although Cl and F may have a slight effect on θ n factors, 378 

it is not significant enough to influence the rest of the discussion. 379 

 380 

2.1 F solution mechanisms 381 

 382 

2.1.1 Fluorine in Al-free melts 383 

 384 



The F-bearing NS4 silicate glass has fewer Q3 and Q4 and more Q2 units than the 385 

halogen-free NS4 glass, which translates to higher Raman-based NBO/T-values (Fig. 6). The 386 

dominant complexes in Na2O-SiO2-F melts, inferred from 19F and 29Si NMR spectroscopy, 387 

have been reported to be Na-F complexes (e.g. Schaller et al. 1992; Mysen et al. 2004). The 388 

observed depolymerizing effect of F (Fig. 6) is inconsistent with the dominance of (Na+F)-389 

bearing complexes. If this were the only fluorine solution mechanism, the silicate melt would 390 

become more polymerized (Raman-based NBO/T decreases). However, the Raman data 391 

indicate formation of (Si-F)-bearing complexes, by substitution of F for O.  392 

The presence of Si-F bonds were previously reported in SiO2-NaF melts containing > 393 

7.5 mol% F (Mysen and Virgo 1985b). In addition, evidence of a small fraction of Si-F in 394 

silicate and aluminosilicate melts has been reported from 19F NMR spectroscopy (Zeng and 395 

Stebbins 2000; Kiczenski et al. 2004; Kiczenski and Stebbins 2006). In a melt with a 396 

comparable NBO/T to those of this study (~0.4), Si-F complexes represent 90% of fluoride 397 

complexes (Mysen and Virgo, 1985b). Therefore, two competing F solution mechanisms may 398 

occur in silicate melts: one involving the formation of M-F complexes, with M being an alkali 399 

such as Na or K, and the second being the formation of (Si-F)-bearing complexes: 400 

2 Si-O-M + F2
 ↔ Si-O-Si + 2 M-F +1/2O2 ,      (3a) 401 

Si-O-Si + F2
 ↔ 2 Si-F + 1/2O2 .       (3b) 402 

In Eqs. 3a and b, O2 will be released by degassing. Eq. 3a seems to dominate at low F 403 

concentrations and results in a polymerization of the glass network, as observed by Mysen et 404 

al. (2004; F ~ 3 mol%). In contrast, Eq. 3b appears to be more important at high F 405 

concentrations (Mysen and Virgo 1985b; this study), and results in melt depolymerization 406 



(Fig. 6). An equilibrium between Si-F or M-F complexes at a given F concentration may be 407 

then described as: 408 

Si-F + Si-O-M ↔ M-F + Si-O-Si        (4) 409 

Such an equilibrium reaction is likely dependent on F concentration, melt composition, 410 

pressure, and temperature conditions.  411 

 412 

2.1.2. Fluorine in Al-bearing melts 413 

 414 

Fluorine complexes with Al-F and Na-F bonding have been reported as the dominant solution 415 

mechanisms of F in anhydrous aluminosilicate melts (e.g. Schaller et al. 1992; Zeng and 416 

Stebbins 2000; Mysen et al. 2004; Baasner et al. 2014). The Al-F/Na-F abundance ratio 417 

increases with increasing Al/(Al + Si) of the melt (Mysen et al. 2004), which is consistent 418 

with increasing F solubility with increasing Al/(Al + Si) (Fig. 2). This is also consistent with 419 

the decreasing Raman signal assigned to Si-F bonds with increasing Al/(Al + Si) (Table 6). 420 

Therefore, in addition to fluorine reacting with Si-O-Si and Si-O-M bonds through the 421 

mechanisms described by Eqns. 3 and 4, F also can react with Si-O-Al bonds in 422 

aluminosilicate melts as: 423 

Si-O-Al + F2 ↔ Si-F + Al-F +1/2O2 ,  (5a) 424 

2 Si-O-Al + F2 ↔ Si-O-Si + 2 Al-F + 1/2O2  .                  (5b) 425 

As a result, in addition of Eq. 4, two additional equilibria may exist between Si-F, Al-F and 426 

M-F complexes: 427 

M-F + Si-O-Al ↔ Si-O-M + Al-F,                                                                                          (6a) 428 

Si-F + Si-O-Al ↔ Si-O-Si + Al-F.                                                                                          (6b) 429 



             If Al3+ and its surrounding O and F atoms form fully neutral molecular species, Eqs. 430 

5a and b may also imply that the alkali metals (here Na+ or K+), which were charge 431 

compensating Al3+ in tetrahedral coordination, become network modifiers. Consequently, Eqs. 432 

5a and b may result in network depolymerization, potentially explaining increasing Q2 and Q3 433 

fractions upon F addition in aluminosilicate glasses (Fig. 6). 434 

 The equilibrium constants of the above equations are unknown. However, existing 435 

data suggest that equilibria for solution mechanisms presented in Eq. 3a, 3b and 5a and b 436 

depend mostly on pressure (Fig. 2) and Al/(Al + Si) ratio (Fig. 3). The comparison of the 437 

various existing data reported above indicate that Eqs. 4a, 4b, 6a and 6b, which define the 438 

coexistence of the various F-bearing complexes in the melt, have equilibrium constants 439 

depending on F concentration, melt chemical composition, and possibly temperature. Dalou 440 

and Mysen (2015) also show that Si-F complexes increase with increasing H2O content 441 

dissolved in aluminosilicate melts. 442 

 443 

2.2 Cl solution mechanisms 444 

 445 

2.2.1 Chlorine in Al-free melts 446 

 447 

It has been previously suggested that Cl dissolves in silicate melts by forming Cl-448 

bearing complexes that contain Cl preferentially bonded to network-modifiers (Ca, Na or K; 449 

e.g. Stebbins and Du 2002; Sandland et al. 2004; Zimova and Webb 2006; Evans et al. 2008; 450 

Baasner et al. 2013). Such a mechanism means that in Na-silicate melts, for example, 451 



formation of NaCl complexes results in a decrease in abundance of network-modifying Na+, 452 

which results in silicate melt polymerization:  453 

Si-O-Na + Cl2 ↔ 2 Si-O-Si + 2NaCl + 1/2O2       (7) 454 

Analogous expressions can be written for other alkali metals and alkaline earths.  455 

However, the Raman-based NBO/T of the C5NS4 glass is 0.32 higher than that of the 456 

pure NS4 glass (Table 6). The fractions of Q4 and Q3 decrease slightly and that of Q2 457 

increases in the C5NS4 glass compared to the pure NS4 glass (Table 6, Fig. 6). Moreover, an 458 

additional Raman peak is observed in the Cl-bearing glass near 890 cm-1, which may be 459 

assigned to (Si,Al)-O- vibrations in Q1 structural units (c.f. Mysen et al., 1982 and references 460 

therein). This peak does not contribute significantly to spectra (Fig. 5), but its appearance, as 461 

well as the increase of Q2 fraction suggests an increase of melt depolymerization upon Cl 462 

solution. 463 

 464 

2.2.2 Chlorine in  Al-bearing melts 465 

 466 

By increasing Al/(Al + Si) of Cl-saturated melts, Q3 fraction decreases, whereas Q4 467 

fraction increases and Q2 fraction remains constant, within error (Table 6, Fig. 6). In other 468 

words, Cl has a polymerizing effect in aluminosilicate melts. This effect increases with melt 469 

Al/(Al + Si) ratio (Fig. 6). This behavior can be explained with the aid of NaCl complexes, as 470 

described by Eq. 7. As the melt Al/(Al + Si) increases, the bulk Q3 fraction decreases (Fig. 6), 471 

and the solubility of Cl also decreases (Fig. 2). In addition, the ionic radius of alkali metals 472 

affects the solubility of Cl at a given Al/(Al + Si) ratio (Figs. 2, 3). This suggests a control of 473 



the Cl solution behavior, and hence solubility, by the properties of network modifier metals 474 

together with their interaction with specific Qn units.  475 

Sandland et al. (2004), using 35Cl NMR, estimated that up to 10% of the dissolved 476 

chlorine was in the form of Al-Cl or Si-Cl bonding in aluminosilicate melts. Although it 477 

cannot be asserted with certainty, we found no evidence of Si-Cl bonding in either Al-free or 478 

in Al-bearing melts.  479 

 480 

IMPLICATIONS 481 

 482 

Both the solubility of F and Cl in melts and their effect on melt structure are governed by the 483 

type of complexes formed with these halogens. The different solubility behavior (Fig. 2) may 484 

be related preferential bonding of F with Al and Si at high F concentration through Eqs. 3b, 5a 485 

and b, whereas Cl mainly bonds with network-modifying alkali cations. This difference also 486 

explains why Cl is more sensitive than F to the type of alkali (Na or K) in the melt (Fig. 2), 487 

although it remains unclear why Cl is more soluble in sodic systems than in potassic systems. 488 

It has been suggested that higher field strength cations (Na+ > K+) form more stable bonding 489 

with Cl- (Stebbins and Zeng 2000). This behavior is consistent with Cl diffusivity data for 490 

phonolitic melts (Balcone-Boissard et al. 2009), which suggest that Cl interacts more strongly 491 

with Na than with K.  492 

In Al-free melts, F and Cl have comparable solubility (within error, Fig. 2). In those 493 

melts, F causes depolymerization of the silicate structure, via formation of Si-F complexes. 494 

The chlorine solution mechanism seems also to cause depolymerization; the addition of Cl to 495 

silicate glass results an increase of Raman-based NBO/T and in the formation of highly 496 



depolymerized Q1 and Q2 units within the silicate network. The exact nature of the bonding of 497 

Cl in the present silicate melt remains unknown, but it is probable that Cl atoms reside in 498 

close proximity of the formed Q1 and Q2 units, where alkali metals will also be concentrated. 499 

 The addition of Al to silicate melts results in different relationships between dissolved 500 

halogen and aluminosilicate melt structure. Fluorine can react with the various Si-O-M Si-O-501 

Si and Si-O-F bonds through different reactions with their equilibrium constants affected by 502 

the Al/(Al + Si) ratio of the melt, for instance. Indeed, the effect of F on the aluminosilicate 503 

melt structure depends primarily on the Na/Al ratio of the melt (Dingwell and Scarfe 1985; 504 

Dingwell 1989; Mysen et al. 2004), which determines the (Si,Al)-F/Na-F ratio. In contrast, Cl 505 

complexes mostly with network-modifiers, leading to melt polymerization. The effect of Cl 506 

on melt structure seems to rely mostly on its affinity to a specific alkali or alkali-earth cation, 507 

partly driving its solubility (Fig. 2).  508 

It follows from the solution mechanisms of F and Cl that their effects on melt structure 509 

increase with Al/(Al + Si) content of magmas (Fig. 6). In terms of magma properties, this 510 

implies that the effect of F on magma viscosity increases from basaltic to felsic compositions. 511 

Furthermore, because several wt% F is soluble in Al-rich magma, fluorine can cause viscosity 512 

reduction of up to several orders of magnitude (as measured by Baasner et al. 2013), making it 513 

as efficient as H2O in this regard (Dingwell and Mysen 1985). In contrast, Cl solubility 514 

decreases with increasing degree of magma differentiation [increasing Al/(Al + Si)]. Its 515 

influence on the rate of change of NBO/T with Al/(Al + Si) is smaller, therefore, than for F-516 

bearing magma. It follows therefore that any magma property that depends on melt 517 

polymerization (e.g., viscosity, compressibility, element partitioning) is more sensitive to 518 

Al/(Al + Si) in F-rich magmatic systems than in Cl-rich systems. This is also observed in 519 



hydrous aluminosilicate melts in which H2O melt depolymerization is more enhanced by F 520 

addition than by Cl addition (Dalou and Mysen 2015).  521 

The effect of Cl on magma properties, however, does not simply depend on Al/(Al + 522 

Si) content. For example, Webb et al. (2014) show that Cl decreases the viscosity of iron-523 

bearing aluminosilicate melts, whereas it increases the viscosity of iron-free aluminosilicate 524 

melts. This shows that the electronic properties of network former and network modifier 525 

elements play a strong role in determining the formation and stability of Mx
1/xCl complexes 526 

(with M a modifier element and x its electronic charge) within the silicate melt. This is 527 

corroborated by literature data that shows the influences of the molar 528 

(Al2O3/(CaO+Na2O+K2O)), (Na2O/(Na2O+K2O)), and (Ca+Mg)/(Na+K) ratios of melts on 529 

the efficiency of Cl dissolution at fixed pressure conditions (Métrich and Rutherford 1992; 530 

Chevychelov and Chevychelova 1997; Signorelli and Carroll 2000). From an extension of 531 

these relationships, Webster et al. (2015) compared the Cl solubility of fluid-saturated melts 532 

with increasing concentration of (Ca1/2 + Mg1/2 + Al1/2 + Na) and decreasing Si concentration 533 

in the melt for a range of P-T conditions. A very good agreement is found between Webster et 534 

al. (2015) model data and our experimental data of Cl solubility in Al-free melts with 535 

pressure.  536 

From the above results and interpretations, it follows that the pressure (depth) at which 537 

halogens (both Cl and F) will be exsolved from a magmatic liquid is sensitive to the magma 538 

composition. For example, Al-rich magmas are likely to exsolve greater amounts of Cl than 539 

Al-poor magmas (Fig. 2 and 3). Consistently, Chevychelov and Suk (2003) have 540 

demonstrated that Cl solubility decreases by an order of magnitude as basaltic melts evolve to 541 

felsic compositions and that Cl partitions increasingly in favor of fluids as magmas evolve 542 



from mafic to felsic residual melt compositions. 543 
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 777 

FIGURE CAPTIONS 778 

 779 

Figure 1. Back-scattered electron image of C5NS3A5 sample. Chlorine-saturation is indicated 780 

by the presence of bubbles from 5 to 35 µm in diameter. Traces of alumina suspension used 781 

for polishing are observed within the bubbles. Small white dots (< 5µm) are Pd0 drops from 782 

the PdCl2 → Pd0 + Cl2 decomposition. Fluorine samples look similar to chlorine samples, 783 

except that bubbles in F-bearing samples are smaller (nm to 5 µm in diameter) than in Cl-784 

bearing samples. 785 

 786 

 787 

Figure 2. Solubility in mol% of F (A) and Cl (B) in aluminosilicate quenched melts as a 788 

function of their bulk Al/(Al + Si). All samples were equilibrated at 1.5 GPa. Samples 789 

F10NS5Ax, F10NS4Ax, F10KS5Ax and C5NS4Ax were synthesized at 1400ºC and samples 790 

C5NS3Ax and C5KS3Ax were synthesized at 1600ºC. Error bars represent one standard 791 

deviation of the average of analyses of each sample (number of analysis are shown in brackets 792 

in Table 2.). For F solubility experiments, diamonds refer to NS5Ax and NS4Ax samples and 793 



triangles to KS5Ax. For Cl-solubility experiments, circles refer to NS3Ax and NS4Ax 794 

samples and reversed triangles are KS3Ax samples. The grey scale represents the variation of 795 

the bulk melt Al/(Al + Si) ratio. The same color code is used in Figs. 3 and 7. Large symbols 796 

are for NS4Ax samples measured by Raman spectroscopy and presented in Figs. 3 and 7.  797 

 798 

Figure 3. Solubility variation of F (A) and Cl (B) as a function of pressure. Symbols are the 799 

same as in Fig. 2. Solid lines show F and Cl solubility dependence in the sodic systems, and 800 

dashed lines in the potassic systems. Samples NS5Ax, KS5Ax and NS4Ax were synthesized 801 

at 1400ºC and samples NS3Ax and KS3Ax at 1600ºC.  Both F and Cl solubility increase with 802 

increasing pressure from 1.0 to 2.5 GPa.  The relation of Cl solubility with pressure appears to 803 

depend on melt composition as shown by the Cl vs pressure slopes varying with the bulk melt 804 

Al/(Al + Si) ratio. In contrast, the F solubility dependence with pressure does not vary, or not 805 

significantly, with the bulk melt Al/(Al + Si) ratio, but its dependence is higher in the potassic 806 

system than in the sodic systems. 807 

 808 

Figure 4.  Raman spectra between 850 and 1300 cm-1 obtained for volatile-free samples (in 809 

grey) and in volatile-bearing (F- and Cl-bearing) samples (in black). Spectra, volatile-free or 810 

volatile-bearing, are normalized to have the same area. 811 

 812 

Figure 5. Examples of curve-fitted Raman spectra of melts in the frequency region of (Si, Al)-813 

O stretch vibrations for compositions indicated on each plot. The spectra are normalized to 814 

100% intensity. The individual lines are of Gaussian shape and fitted to the spectra as 815 

discussed in the text. Peaks near 900, 950, 1100, 1150 and 1180 cm-1 Raman spectra are 816 



related to (Si, Al)-O stretching in Q2, Q3, Q4,II and Q4,I tetrahedral units. See text for discussion 817 

of band assignments. The 1000-1070 cm-1 peak is related to the stretching T2s vibrational 818 

mode of SiO2 units as explained in the test. 819 

 820 

Figure 6.  Relative area of the Raman signals assigned to A. Q2, AQ2; B. Q3, AQ3; and C. Q4, 821 

AQ4, structural units of volatile-free (squares), F-bearing (diamonds) and Cl-bearing samples 822 

(circles). and D. Variation of melt polymerization, ΔNBO/T, with the addition of F and Cl, as 823 

a function of the bulk melt Al/ (Al + Si) ratio. Increasingly darker symbols represent 824 

increasing Al/(Al + Si). Unit fractions of Qn and ΔNBO/T are presented in Table 4.  825 

 826 

 827 

 828 

 829 

 830 

 831 

 832 

 833 

TABLES 834 
 835 
 836 
Table 1: Composition of starting glasses (wt%)a 837 



 838 

 
NS3A0 

[13] 
NS3A2.5 

[16] 
NS3A5 

[12] 
NS3A7.5 

 [13] 
NS3A10 

 [12] 
NS3A12.5  

[18] 

 PdCl2 PdCl2 PdCl2 PdCl2 PdCl2 PdCl2 

SiO2 75.96(57) 69.90(20) 64.98(62) 57.89(45) 52.41(31) 46.80(43) 

Al2O3 ---- 4.55(6) 7.84(10) 12.08(13) 15.86(19) 18.99(28) 

Na2O 23.75(70) 26.31(15) 28.06(28) 30.90(32) 32.09(37) 33.95(33) 

Total 99.71 100.77 100.89 100.87 100.36 99.74 

Al/(Al + Si)b 0 0.07(0.3) 0.12(1) 0.20(1) 0.26(1) 0.32(1) 

NBO/Tc 0.61 0.61 0.61 0.63 0.61 0.63 

 
NS5A0 

[12] 
NS5A2.5 

[13] 
NS5A5 

[12] 
NS5A7.5 

[12] 
NS5A10 

[13] 
NS5A12.5 

[11] 

 AgF2 AgF2 AgF2 AgF2 AgF2 AgF2 

SiO2 83.84(41) 76.18(56) 70.17(79) 64.45(91) 59.49(68) 51.01(69) 

Al2O3 ---- 4.96(17) 9.14(20) 11.95(84) 15.54(81) 20.91(48) 

Na2O 16.34(16) 19.32(28) 21.51(60) 23.49(23) 24.84(72) 27.65(56) 

Total 100.18 100.45 100.81 99.99 99.87 99.58 

Al/(Al + Si) 0 0.07(1) 0.13(2) 0.18(2) 0.24(2) 0.33(1) 

NBO/T 0.38 0.39 0.38 0.40 0.38 0.38 

 
KS3A0 d 

[12] 
KS3A2.5 d 

[12] 
KS3A5d 

[12] 
KS3A7.5e 

[12] 
KS3A10e 

[12]  

 PdCl2 PdCl2 PdCl2 PdCl2 PdCl2  

SiO2 67.34 60.80 55.12 46.95(36) 39.80(40)  

Al2O3 ---- 3.54 7.09 12.17(16) 16.48(11)  

K2O 33.2 35.36 37.65 41.29(16) 43.91(13)  

Total 100.56 99.7 99.86 100.41 100.19  

Al/(Al + Si) 0 0.06 0.13 0.23(1) 0.33(1)  

NBO/T 0.63 0.63 0.63 0.63 0.62  

 
KS5A0 

[12] 
KS5A2.5 

[12] 
KS5A5 

[11] 
KS5A7.5 

[11] 
KS5A10 

[12]  

 AgF2 AgF2 AgF2 AgF2 AgF2  



SiO2 76.79(60) 68.94(53) 61.88(40) 57.37(41) 51.22(24)  

Al2O3 ---- 4.67(5) 9.00(10) 11.28(54) 14.33(9)  

K2O 22.62(20) 26.29(19) 29.21(19) 30.73(52) 33.71(36)  

Total 99.41 99.90 100.09 99.38 99.26  

Al/(Al + Si) 0 0.07(1) 0.15(1) 0.19(1) 0.25(1)  

NBO/T 0.38 0.38 0.37 0.37 0.38  

 
NS4A0 

[12] 
NS4A5 

 [12] 
NS4A10 

 [11]    

 
AgF2 or 
PdCl2 

AgF2 or 
PdCl2 

AgF2 or 
PdCl2    

SiO2 79.65(55) 68.16(43) 54.03(38)    

Al2O3 ---- 7.96(14) 17.21(32)    

Na2O 19.74(21) 24.51(19) 29.37(29)    

Total 99.4 100.62 100.62    

Al/(Al + Si) 0 0.12(1) 0.27(1)    

NBO/T 0.48 0.49 0.49    

       

       
 839 

Numbers in brackets indicate number of individual electron microscope analyses included on 840 

average. 841 

Number in parentheses represents one standard deviation in terms of the least units cited. 842 

a Operating conditions are presented in the text. 843 

b  Calculated from composition assuming that Si4+ and Al3+ are in tetrahedral coordination in 844 

the glasses. Error on Al/(Al + Si) calculated from oxide standard deviations. 845 

c NBO/T calculated following Mysen and Richet (2005; Chapter 4):  846 

NBO/T = (4•XT −2•XO)/XT, where XT and XO are the atomic proportions of tetrahedrally 847 

coordinated cations (Si and Al) and oxygen, respectively.  848 



d Theoretical composition, calculated from weighing (see text). 849 

e  Composition calculated from extrapolation to 0 seconds of variable counting times during 850 

SEM analysis (see text). 851 

 852 

 853 

 854 

 855 

 856 

 857 

 858 

 859 

 860 

 861 

 862 

 863 

 864 

 865 

 866 

 867 

 868 

 869 

 870 

Table 2: Run product compositions in mol% normalized to 100 mol% at 1.5 GPa. 871 

 872 



 Solubility Samples 

 F10NS5A0 
[12] 

F10NS5A2.5 
[9] 

F10NS5A5 
[12] 

F10NS5A7.5 
[11] 

F10NS5A10 
[14] 

F10NS5A12.5 
[12] 

SiO2 76.79(83) 73.88(61) 70.33(88) 64.40(48) 59.82(37) 48.28(66) 

Al2O3   2.88(12) 5.21(10) 7.23(8) 10.08(11) 12.18(59) 

Na2O 19.88(23) 19.20(24) 20.16(31) 23.05(30) 23.79(11) 32.13(55) 

F 3.33(73) 4.03(79) 4.29(36) 5.32(28) 6.31(37) 7.40(8) 

          

 
F10KS5A0 

[10] 
F10KS5A2.5 

[15] 
F10KS5A5 

[11] 
F10KS5A7.5 

[13] 
F10KS5A10 

[11] 
  

SiO2 79.46(61) 74.57(5) 69.70(5) 65.16(54) 60.81(47)   

Al2O3   2.97(9) 5.95(9) 7.35(10) 9.42(9)   

K2O 17.18(8) 18.03(15) 19.25(16) 21.93(18) 23.23(16)   

F 3.36(23) 4.43(5) 5.10(57) 5.56(63) 6.52(55)   

         

 
C5NS3A0* 

[12] 
C5NS3A2.5 

[15] 
C5NS3A5 

[10] 
C5NS3A7.5 

[10] 
C5NS3A10 

[12] 
C5NS3A12.5 

[13] 

SiO2 79.89(243) 72.53(138) 68.67(43) 66.21(42) 61.48(45) 53.44(79) 

Al2O3   2.69(7) 5.03(3) 8.30(5) 11.10(16) 14.66(26) 

Na2O 14.41(62) 19.48(42) 22.36(26) 21.99(3) 24.32(26) 29.43(53) 

Cl 5.70(65) 4.91(18) 3.94(66) 3.49(26) 3.09(38) 2.45(30) 

       

 
C5KS3A0* 

[11] 
C5KS3A2.5* 

[12] 
C5KS3A5* 

[10] 
C5KS3A7.5 

[12] 
C5KS3A10 

[12] 
  

SiO2 85.45(62) 80.32(66) 76.58(83) 69.96(76) 61.55(62)   

Al2O3   2.76(7) 6.08(10) 8.85(12) 10.39(52)   



K2O 10.92(21) 14.04(22) 15.04(30) 19.41(35) 26.92(252)   

Cl 3.63(21) 2.87(46) 2.30(47) 1.78(35) 1.14(20)   

         

 Raman Samples 

 F10NS4A0 
[12] 

F10NS4A5 
[12] 

F10NS4A10** 
[12] 

C5NS4A0 
[12] 

C5NS4A5 
[12] 

C5NS4A10 
[11] 

SiO2 76.78(77) 66.06(174) 55.74(146) 80.42(126) 74.38(164) 60.26(105) 

Al2O3   5.00(19) 11.44(33)  5.06(20) 11.50(74) 

Na2O 19.18(42) 23.88(132) 25.60(121) 15.12(87) 17.17(90) 25.76(183) 

F & Cl 4.42(18) 5.06(41) 7.21(58) 4.46(9) 3.38(12) 2.48(13) 

       
 873 

Numbers in brackets indicate number of individual electron microprobe analyses included on 874 

average. 875 

Number in parentheses represents one standard deviation in terms of the least units cited. 876 

* Na2O or K2O loss during analysis 877 

 878 

 879 



 880 
Table 3: Run product compositions in mol% normalized to 100 mol% between 1 and 2.5 GPa. 881 

 F10NS5A0  F10NS5A5  F10NS5A10 

GPa 1 * 1.5 2 2.5  1 1.5 2 2.5  1 1.5 2 2.5 

SiO2 85.49(94) 76.79(83) 80.16(172) 75.95(84)  72.71(32) 70.33(88) 71.40(38) 68.17(76)  57.67(69) 59.82(37) 57.25(69) 58.29(70) 

Al2O3 --- --- --- ---  5.37(16) 5.21(10) 5.38(13) 5.38(13)  11.43(42) 10.08(11) 11.18(41) 10.43(38) 

Na2O 11.59(3) 19.88(23) 15.66(14) 19.92(5)  17.84(9) 20.16(31) 17.53(18) 19.91(28)  25.24(101) 23.79(11) 24.85(99) 23.71(95) 

F 2.91(39) 3.33(73) 4.19(66) 4.56(90)  4.08(31) 4.29(36) 5.69(79) 6.11(122)  5.65(17) 6.31(37) 6.72(20) 7.57(23) 

               
 F10KS5A0  F10KS5A5  F10KS5A10 

GPa 1 1.5 2* 2.5  1 1.5 2 2.5  1 1.5 2 2.5 

SiO2 80.58(105) 79.46(61) 82.50(107) 81.58(20)  73.21(36) 69.70(5) 68.99(66) 69.92(41)  63.51(127) 60.81(47) 60.74(99) 61.28(60) 

Al2O3 -‐-‐-‐ --- --- -‐-‐-‐  6.13(9) 5.95(9) 5.80(17) 6.02(1)  11.46(22) 9.42(9) 12.57(1) 10.29(18) 

K2O 16.99(86) 17.18(8) 13.92(88) 14.31(178)  16.14(271) 19.25(16) 19.07(165) 17.07(124)  19.13(110) 23.23(16) 22.38(262) 20.63(81) 

F 2.43(42) 3.36(23) 3.58(61) 4.10(27)  4.51(10) 5.10(57) 6.14(51) 6.99(65)  5.79(29) 6.52(55) 7.24(33) 7.80(36) 
               

 C5NS3A0  C5NS3A5  C5NS3A10 

GPa 1 1.5 2 2.5  1 1.5 2 2.5  1 1.5 2 2.5 

SiO2 78.10(172) 79.89(243) 78.55(151) 79.49(75)  71.18(58) 68.67(43) 70.38(39) 72.32(34)  61.39(59) 61.48(45) 61.29(88) 63.04(37) 



Al2O3 -‐-‐-‐ --- --- -‐-‐-‐  5.11(18) 5.03(3) 5.01(12) 5.13(11)  11.05(27) 11.10(16) 11.09(38) 11.20(17) 

Na2O 18.67(39) 14.41(62) 14.40(57) 12.28(25)  20.18(45) 22.36(26) 19.53(43) 16.66(21)  24.66(37) 24.32(26) 23.66(35) 21.30(26) 

Cl 3.23(11) 5.70(65) 7.05(106) 8.23(103)  3.42(28) 3.94(66) 5.08(34) 5.89(62)  2.89(11) 3.09(38) 3.94(64) 4.46(33) 
               

 C5KS3A0  C5KS3A5  C5KS3A10 

GPa 1* 1.5* 2 2.5*  1 1.5 2 2.5  1 1.5 2 2.5 

SiO2 84.20(74) 85.45(62) 81.27(141) 84.79(49)  74.42(136) 76.58(83) 74.57(108) 74.58(100)  61.33(85) 61.55(62) 60.56(63) 60.45(127) 

Al2O3 -‐-‐-‐ --- --- -‐-‐-‐  5.86(7) 6.08(10) 5.98(7) 6.29(12)  13.13(23) 10.39(52) 11.82(3) 11.87(13) 

K2O 12.84(10) 10.92(21) 14.71(20) 10.74(5)  17.63(100 15.04(30) 16.76(16) 16.16(4)  24.59(10) 26.92(252) 26.45(10) 26.23(11) 

Cl 2.96(23) 3.63(21) 4.02(15) 4.46(33)  2.09(64) 2.30(47) 2.69(1) 2.97(14)  0.94(7) 1.14(20) 1.17(50) 1.46(93) 
               

               
Number in parentheses represents one standard deviation in terms of the least units cited. 882 

* Na2O or K2O loss during analysis 883 



Table 4: Parameters resulting from Raman spectra deconvolutions: Raman shift (cm-1), full-884 
width at half maximum height (FWHM, cm-1) and intensity. 885 

 886 

 NS4 NS4A5 NS4A10 F10NS4 F10NS4A5 F10NS4A10 C5NS4 C5NS4A5 C5NS4A10 

          

Raman Shift          

890 band a --- --- --- --- --- --- 905(2) 894(6) 882(3) 

Q2 957(0.1) 966(2) 945(2) 957(1) 964(2) 973(6) 990(4) 962(19) 949(6) 

Si-F --- --- --- 993(0.5) 1000(2) 1001(9) --- --- --- 

Si-Oº 1046(0.3) 1049(4) 1006(3) 1049(1) 1052(3) 1027(7) 1050(0.6) 1010(8) 1005(5) 

Q3 1098(0.5) 1090(4) 1051(4) 1099(1) 1089(3) 1064(6) 1095(0.4) 1068(2) 1057(3) 

Q4 II 1148(1) 1117(6) 1190(3) 1145(2) 1117(3) 1098(5) 1146(1) 1110(1) 1098(3) 

Q4 I 1181(6) 1156(8) 1143(4) 1183(5) 1151(5) 1148(12) 1171(4) 1157(6) 1147(6) 

CO3
2- b --- --- --- --- --- 1065(1) --- --- 1063(0.5) 

           

FWHM          

890 band a  --- --- --- --- --- --- 28(2) 15(6) 20(2) 

Q2 29(0.4) 39(1) 37(1) 31(1) 37(1) 51(3) 41(2) 42(13) 40(6) 

Si-F --- --- --- 15(0.4) 20(3) 15(0.1) --- --- --- 

Si-Oº 35(1) 36(0.1) 33(3) 37(2) 35(4) 32(3) 31(3) 34(9) 44(4) 

Q3 31(0.5) 30(0.1) 30(0.1) 30(0.5) 30(0.1) 30(0.1) 30(1) 32(0.1) 32(0.1) 

Q4 II 25(2) 34(4) 35(2) 26(2) 29(1) 37(3) 23(1) 32(2) 34(2) 

Q4 I 32(2) 37(4) 44(1) 27(3) 34(2) 43(2) 38(2) 41(2) 40(2) 

CO3
2- b --- --- --- --- --- --- --- --- 9(0.3) 

          

Intensity          



890 band a  --- --- --- --- --- --- 2(0.1) 2(1) 3(1) 

Q2 5(0.1) 14(0.3) 32(2) 13(0.1) 15(0.5) 19(2) 10(1) 13(6) 14(4) 

Si-F --- --- --- 10(1) 7(2) 2(1) --- --- --- 

Si-Oº 20(0.5) 34(4) 48(4) 37(1) 41(3) 16(3) 23(1) 22(5) 37(3) 

Q3 93(1) 51(11) 48(5) 85(3) 58(8) 32(4) 91(1) 73(6) 49(4)  

Q4 II 29(5) 48(8) 73(6) 31(2) 38(5) 31(3) 19(3) 54(3) 61(5) 

Q4 I 18(3) 15(5) 13(2) 13(2) 22(4) 5(4) 22(2) 30(2) 23(3) 

CO3
2- b --- --- --- --- --- --- --- --- 10(1) 

 887 

Number in parentheses represents one standard deviation in terms of the least units cited. 888 
a see assignment discussion in the text.  889 

b contamination, see Fig. 5. 890 

  891 



Table 5: Comparison of  χ2 from fits to F-bearing NS4Ax melts. 892 

 
χ2 w/ 990 cm-1 band χ2 w/o 990 cm-1 band 

F10NS4 2.6 15.8 

F10NS4A5 22.0 18.6 

F10NS4A10 5.4 10.5 
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Table 6: Species abundance from Raman spectra of melts. 912 

 913 
 914 

 915 

 916 

 917 

 918 

 919 

 920 

 921 

 922 

 923 

Errors on Qn species abundances were recalculated following the method of Mysen (2007). To 924 

calculate the Qn-species mole fractions, the area of bands around 990, 1010–1050, and 1065 925 

cm–1 were not taken into account.  926 

a Sum of Q4,I and Q4,II 927 

 928 

 929 

 930 

 931 

 932 

 933 

 934 

 935 

 
Relative peak area  Δ NBO/T 

Q2 Q3 Q4 a   
      

NS4 0.04(0.2) 0.67(4) 0.30(11)  --- 

NS4A5 0.12(2) 0.36(9) 0.52(28)  --- 

NS4A10 0.20(2) 0.25(3) 0.55(9)  --- 

F10NS4 0.10(1) 0.62(10) 0.29(9)  0.33(10) 

F10NS4A5 0.13(2) 0.42(9) 0.44(14)  0.20(9) 

F10NS4A10 0.29(5) 0.29(6) 0.42(35)  0.23(8) 

C5NS4 0.09(1) 0.62(12) 0.28(4)  0.33(12) 

C5NS4A5 0.09(7) 0.40(9) 0.51(16)  0.10(12) 

C5NS4A10 0.11(4) 0.30(5) 0.59(9)  0.03(7) 



FIGURES 936 
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Figure 1 938 
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Figure 2  948 
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Figure 3  965 
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Figure 4  980 
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Figure 5  988 
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Figure 6  998 
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