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AMORPHOUS MATERIALS: PROPERTIES, STRUCTURE, AND DURABILITY

Solubility and solution mechanisms of chlorine and fluorine in aluminosilicate melts at 
high pressure and high temperature†

Celia Dalou1,*, Charles le losq1, Bjorn o. Mysen1 anD GeorGe D. CoDy1

1Geophysical Laboratory, Carnegie Institution of Washington, 5251 Broad Branch Road, NW, Washington D.C., U.S.A.

aBstraCt

The solubility and solution behavior of F and Cl in peralkaline aluminosilicate compositions in the 
systems Na2O-Al2O3-SiO2 and K2O-Al2O3-SiO2 have been determined for glasses quenched from melts 
equilibrated at 1400 and 1600 °C in the 1.0–2.5 GPa pressure range. With Al/(Al+Si) increasing from 
0 to 0.33 in sodium aluminosilicate melts, F solubility (saturation concentration) increases from 3.3 to 
7.4 mol%, whereas Cl solubility decreases from 5.7 to 2.5 mol%. There is no difference in F solubility 
in sodium or potassium aluminosilicate melts. However, the Cl solubility in potassic aluminosilicate 
melts is 40–60% lower than in sodic melts with the same Al/(Al+Si) and Na or K mole fraction. 

Fluorine depolymerizes the silicate melt structure and forms Si-F, Al-F, and Na-F complexes, the 
proportion of which depends on the melt Al/(Al+Si) ratio. Dissolution of Cl results in a small degree 
of depolymerization of Al-free silicate melt, whereas Cl has a polymerizing effect in aluminosilicate 
melts. In both cases, formation of Na-Cl complexes appears to be the driving solution mechanism. 

The differences in F and Cl solution mechanisms result in contrasting depolymerizing effects that 
become more pronounced with increasing degree of magmatic differentiation. Through such modi-
fications of melt structure, F and Cl have significant effects on magma properties such as viscosity, 
compressibility, and element partitioning.

Keywords: Fluorine, chlorine, solubility, solution mechanism, aluminosilicate melt, ionic com-
plexes, magma degassing

introDuCtion

Because of their effects on magma properties, F and Cl are 
of particular interest for assessing the dynamics of volcanic 
systems. They can be used as geochemical tracers that allow 
us to reconstruct the eruptive dynamics of volcanic edifices, 
as shown for instance by the study of Villemant and Boudon 
(1998) focused on Mt Pelée (Martinique, French West Indies) 
or by the study of Balcone-Boissard et al. (2011) focused on 
the 79 AD eruption of Vesuvius (Italy). Therefore, knowledge 
of the solubility and bonding of F and Cl in silicate melts and 
associated effects on melt structure is of prime importance for 
geochemical and volcanological problems.

Fluorine and chlorine concentration in magmatic liquids 
(≤1 wt%) is low compared to H2O in magmas, yet the halo-
gens can play a significant role during magmatic processes. 
Dissolved F lowers silicate melt viscosity (Dingwell 1987, 1989; 
Dingwell et al. 1993; Dingwell and Hess 1998; Giordano et al. 
2004) and crystallization temperatures (Wyllie and Tuttle 1961; 
van Groos and Wyllie 1968; Luth 1988a; Filiberto et al. 2012) 
in a manner resembling H2O. Our understanding of the effect of 
Cl on melt properties is considerably less comprehensive. A few 
studies exist on the effect of Cl on melt physical properties (e.g., 
Dingwell and Hess 1998; Zimova and Webb 2006, 2007) and 

its effect on liquidus temperatures (Filiberto and Treiman 2009). 
Chlorine dissolved in peralkaline melt can increase viscosity, but 
it reduces the liquidus temperature.

The type of fluoride complexes formed in melts determines 
how F affects silicate melt structure. Results from Raman, in-
frared, and 19F nuclear magnetic resonance (NMR) spectroscopy 
suggest that F could form Si-F bonds when dissolved in SiO2 
melts (Dumas et al. 1982; Duncan et al. 1986). However, as 
the concentration of Al and alkalis or alkaline earth elements 
increases, F can also form Al-F bonds as well as alkali or alkaline 
earth fluoride complexes (Mysen and Virgo 1985a, 1985b; Foley 
et al. 1986; Luth 1988b). Recent data from 19F and 29Si magic 
angle spinning (MAS) NMR spectroscopy for Na-aluminosilicate 
quenched melts (glasses) have suggested that Na-F and Al-F 
complexing (with variable Al coordination and variable Si/Al 
ratio in the F-bearing complexes) is more important than com-
plexes with Si-F bonding (Kohn et al. 1991; Schaller et al. 1992; 
Stebbins and Zeng 2000; Zeng and Stebbins 2000; Stebbins et 
al. 2000; Mysen et al. 2004).

For Cl-bearing melts, both viscosity measurements (Dingwell 
and Hess 1998; Zimova and Webb 2006, 2007; Baasner et al. 
2013) and structural data from 35Cl MAS NMR spectroscopy 
(Stebbins and Du 2002; Sandland et al. 2004; Evans et al. 2008) 
indicate that Cl preferentially bonds with network modifiers 
(alkalis and/or alkaline earths). Such solution mechanisms 
imply that Cl causes silicate melt polymerization and, con-
sistently, dissolution of Cl in peralkaline melts increases their 
viscosity. However, dissolved Cl produces the opposite effect 
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on the viscosity of peraluminous melts, which decreases upon 
Cl addition (Baasner et al. 2013). This difference suggests that 
the effect of Cl on melt structure depends on melt composition. 
Different solution mechanisms of F and Cl are also reflected by 
different diffusivity of F and Cl in magmatic melts (Alleti et al. 
2007; Balcone-Boissard et al. 2009; Böhm and Schmidt 2013). 
Indeed, F diffuses one order of magnitude faster than chlorine 
in phonolitic melts (Balcone-Boissard et al. 2009; Böhm and 
Schmidt 2013), whereas in basaltic melts, F diffusion is half as 
fast as Cl (Alleti et al. 2007).

Despite the important and different effect of F and Cl on 
properties of magmatic melts, little or no systematic efforts have 
been made to compare their solubility and solution mechanisms 
in silicate and aluminosilicate melts of similar compositions at 
similar pressure and temperature conditions. We report here results 
from experiments on F and Cl solubility and solution mechanisms 
in peralkaline and meta-aluminous quenched melts in F- or Cl-
enriched Na2O-Al2O3-SiO2 and K2O-Al2O3-SiO2 systems.

MethoDs
Experimental methods

Two different sets of starting materials were prepared, one on the joins Na2O-
SiO2 and NaAlO2-SiO2 and the second on the joins K2O-SiO2 and KAlO2-SiO2. 
The F and Cl were added to these starting compositions in the experimental 
sample container.

Compositions of starting materials are shown in Table 1. In Al-free systems, the 
NS5 and KS5 compositions used for F solubility experiments stand for Na2O·SiO2 
and K2O·5SiO2, respectively. The NS3 and KS3 compositions used for Cl solubility 
experiments stand for Na2O·3SiO2 and K2O·3SiO2, respectively. The NS4 com-
position used for both F and Cl solubility experiments denotes Na2O·4SiO2. The 
aluminum-bearing compositions are denoted NS3Ax, KS3Ax, NS4Ax, NS5Ax, 
and KS5Ax, in which x represents the mole percent Al2O3, which varied from 
2.5 to 12.5. The studied melts are peralkaline (i.e., M/Al > 1, with M = Na or K), 
such that Al3+ can be considered as exclusively in fourfold coordination in fully 
polymerized Q4 units charged balanced by the alkalis (see, for example, Mysen and 
Richet 2005, chapter 4, for review of the concepts of charge-balance of tetrahedrally 
coordinated Al3+, and Mysen et al. 2003, for experimental data on Al3+ distribution 
among Q-species in peralkaline aluminosilicate melts). To isolate the potential 
effects of Al/(Al+Si) from changes in melt polymerization, the aluminosilicate 
compositions were synthesized such that the non-bridging oxygen per tetrahedron 

Table 1.  Composition of starting glasses (wt%)a

 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   
Notes: Numbers in brackets indicate number of individual electron microscope analyses included on average. Number in parentheses represents one standard 
deviation in terms of the least units cited.
a Operating conditions are presented in the text.
b Calculated from composition assuming that Si4+ and Al3+ are in tetrahedral coordination in the glasses. Error on Al/(Al+Si) calculated from oxide standard deviations.
c NBO/T calculated following Mysen and Richet (2005; Chapter 4). NBO/T = (4·XT –2·XO)/XT, where XT and XO are the atomic proportions of tetrahedrally coordinated 
cations (Si and Al) and oxygen, respectively.
d Theoretical composition, calculated from weighing (see text).
e Composition calculated from extrapolation to 0 s of variable counting times during SEM analysis (see text).



DALOU ET AL.: F AND Cl SOLUTION BEHAVIORS IN ALUMINOSILICATE GLASSES2274

(NBO/T) ratio of the melts for a given compositional series does not change with 
increasing Al/(Al+Si) ratio of the bulk melt (Table 1).

Starting materials were prepared from mixtures of high-purity Na2CO3 or 
K2CO3, SiO2, and Al2O3, decarbonated by slow heating (50 °C/15 min), and then 
melted for 2 h at ~100 °C above their liquidi (from 900 to 1400 °C; liquidus data 
from Osborn and Muan 1960). The melts were quenched to glass, crushed, and 
ground under alcohol for 1 h. Before grinding, one piece of glass of each com-
position was kept for major element analysis (Table 1). The heating step used for 
decarbonation was repeated before each experiment to prevent possible hydration 
or carbonation of the starting materials by absorption of CO2 and H2O from the 
ambient atmosphere. After this drying step, the powdered starting glasses were 
immediately loaded into Pt capsules with approximately 10 wt% F2 (as 33 wt% 
AgF2) or 5 wt% Cl2 (as 23 wt% PdCl2). The loaded capsules were welded shut 
before high-pressure and -temperature experiments.

Experiments were conducted at 1.0 to 2.5 GPa and 1400 °C for NS5Ax, KS5Ax, 
and NS4Ax compositions, and at 1600 °C for NS3Ax and KS3Ax compositions. 
A 90 min experimental duration was used for all experiments. This duration was 
chosen based on F and Cl diffusion data in basaltic melts [Alleti et al. (2007), 
accounting for pressure effects on diffusion, Dingwell et al. (1985)]. Experiments 
were performed in 3⁄4 and 1⁄2 inch diameter furnace assemblies (Kushiro 1976) in a 
solid-media, high-pressure apparatus (Boyd and England 1960) at the Geophysical 
Laboratory (GL). Three 3 mm diameter capsules (4 mm length) were loaded in 
3⁄4 inch diameter furnace assemblies for 1.0, 1.5, and 2.0 GPa experiments; for 2.5 
GPa experiments, a single 3 mm diameter capsule was loaded in ½ inch diameter 
furnace assemblies. From pressure-calibration with the quartz-coesite transition 
(Bohlen 1984), the uncertainty is ±0.1 GPa. The experimental temperature was 
controlled to within ±5 °C of the set point using Pt/Pt90Rh10 thermocouples. The 
samples were quenched by turning off the power to the furnace, which resulted in 
an initial (down to about 500 °C) average quenching rate of 100 °C/s.

After each experiment, the capsules were opened to recover the glass. A portion 
of the sample was retained for analysis by Raman spectroscopy. The remaining 
glass was mounted in epoxy resin and polished for analyses by energy-dispersive 
spectroscopy (EDS) on the scanning electron microscope (SEM).

Analytical methods
Major elements, F, and Cl were analyzed with a JEOL JSM-6500F field emis-

sion scanning electron microscope (FE-SEM) equipped with an energy-dispersive 
spectrometer (EDS) operating at 15 kV with a 0.1 nA beam current. A FE-SEM 
is more suitable than an electron microprobe for these analyses because the 
energy-dispersive spectrometer, in conjunction with the very low beam current of 
the FE-SEM, is useful for beam sensitive materials requiring low beam current 
during analysis (Raudsepp 1995). Although wavelength-dispersive spectrometer 
(WDS) analysis has been suggested to be more precise than EDS analysis for 
various analytical problems, the accuracy of both methods is comparable for 
polished glasses (Kuisma-Kursula 2000). Because our samples contain numerous 
bubbles (Fig. 1) and are very rich in Na and K, elements known to migrate under 
an electron beam, their analysis is challenging. These problems require use of a 
low beam current and a defocused electron beam to reduce Na and K migration. 
The shape and size of the beam area had to be adjusted for each analysis to avoid 
bubbles. The beam was defocused to 25 mm to reduce Na migration and to 25 to 
50 mm to reduce K migration.

Pyrope (for Si), scapolite (for Na and Cl), ENAL20 (for Al, GL standard), 
K1597 (for K, NIST standard), topaz (for F), and MnO2 (for Mn) were used as 
standards to obtain quantitative elemental analysis. Analytical accuracy and preci-
sion was evaluated by replicate measurements of orthoclase, diopside, and topaz 
of known compositions. Counting times used were 50 s per element.

To evaluate possible Na, K, F, or Cl loss, several analyses were carried out on 
the same sample spot. There were no significant compositional changes (within 
one standard deviation) for Na, F, or Cl, when using a beam larger than 15 × 15 
mm2, and for K when using a beam of 50 × 50 mm2. However, significant losses 
were observed for the composition KS3Ax, even when the beam was defocused 
to 50 mm. For compositions KS3A7.5 and KS3A10, we time-monitored the K loss 
(counting times from 2 to 20 s) and extrapolated back to 0 s to deduce the initial K 
content. For KS3Ax compositions with Al2O3 ≤ 5 mol%, K loss was so significant 
in the first 5 s that the extrapolation procedure could not be applied. Data presented 
in Table 1 for KS3, KS3A2.5, and KS3A5 were calculated, therefore, from the 
weighing data from the initial starting glass preparation.

Raman spectroscopy was employed to examine the structure of the quenched 
melts. The Raman instrument used is a JASCO model IRS-3100 confocal 
micro-Raman spectrometer with holographic gratings. Sample excitation was 

accomplished with the 532 nm line of a solid-state laser operating at a power of 
6.4 mW on the sample. A 50× objective lens was employed for visual microscopic 
examination and spectroscopic analysis. Signal detection was provided by an An-
dor Model DV401-F1 1024 × 128 pixel (25 mm pixel size) Peltier-cooled CCD. A 
grating of 1200 grooves/mm was used, which results in a CCD window covering 
the 265–2110 cm–1 frequency range with resolution of ±3 cm–1. Acquisition time 
was typically 15 min per spectrum.

Background correction of the Raman spectra was performed using a cross-
validation spline function (Woltring 1986), fitted to spectral portions devoid of 
signals near 800 and 1300 cm–1. After subtraction of the spline function, the 850 
to 1300 cm–1 region was fitted using 5 to 6 Gaussian peaks with lmfit interface 
(Newville et al. 2014) and the optimization algorithms implemented in the Scipy 
library (Jones et al. 2001). During fitting, peak half widths were constrained to 
vary within ±20 cm–1 of their initial estimated value and peak frequencies were 
allowed to vary within ±25 cm–1.

To avoid the under-constrained problem resulting from the strong convolu-
tion of signals from Q3 and Q4 units with similar intensities, we exploit the fact 
that Al3+ enters mostly in fully polymerized Q4 units in peralkaline compositions 
(cf. Mysen et al. 2003; Allwardt et al. 2005; Le Losq et al. 2014). Mysen et al. 
(2003) showed that addition of Al at constant NBO/T should result in increasing 
contributions from Q4 units; therefore, we expect little to no change in the half 
width of the peak assigned to Si-O stretch vibrations in Q3 units (1050–1100 cm–1; 
see Results and Discussion for peak assignments) with increasing Al/(Al+Si) at 
constant NBO/T. Furthermore, changes of the Na/Si ratio (and polymerization) 
should not significantly affect the half width of the 1050–1100 cm–1 peak assigned 
to Q3. In the spectra of the Na2O-SiO2 glasses, it is ~32 cm–1 for Na/Si = 0.5 (this 
study), ~27 cm–1 for Na/Si = 0.67 (Le Losq et al. 2014) or ~29 cm–1 for Na/Si = 1.33 
(Neuville 2006). For a given compositional series, we determined the half width 
of the 1050–1100 cm–1 peak in Al-free glasses, typically between 29 and 32 cm–1, 
similar to reported values, and used this value to fit the spectra of Al-bearing glasses.

The curve-fitting itself was performed by minimizing the least-square dif-
ference between calculated and observed spectra using the Powell optimization 
algorithm (Powell 1964). After testing all gradient-based and gradient-less opti-
mization algorithms implemented in Scipy, the Powell algorithm (a gradient-less 
method) gave the most robust and reproducible fits.

The errors on the estimated peak parameters were determined using the 
bootstrap method, well established for error estimation in statistics (cf. Efron 
and Tibshirani 1994). A three-step bootstrap technique was employed, which 
consists of (1) resampling the data, accounting for data uncertainty in the model 
errors; (2) randomly choosing between two optimization algorithms (Powell and 

Pd spheres
Cl2 bubbles

70 µm 

Alumina

FiGure 1. Backscattered electron image of C5NS3A5 sample. 
Chlorine saturation is indicated by the presence of bubbles from 5 to 
35 mm in diameter. Traces of alumina suspension used for polishing are 
observed within the bubbles. Small white dots (<5 mm) are Pd0 drops 
from the PdCl2 → Pd0+Cl2 decomposition. Fluorine samples look similar 
to chlorine samples, except that bubbles in F-bearing samples are smaller 
(nm to 5 mm in diameter) than in Cl-bearing samples.
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Nelder-Mead [Nelder and Mead 1965]) for fitting the resampled data, accounting 
for the arbitrariness in the choice of the optimization algorithm and the precision 
and accuracy of that algorithm, and (3) twice fitting the resampled data with the 
chosen algorithm. The Nelder-Mead algorithm was chosen as the second algorithm 
because it provides results that are as robust as those from the Powell algorithm, 
but its reproducibility is slightly lower. Steps 1, 2, and 3 were repeated N times, 
and for each parameter, we calculated its standard deviation using its N values from 
the N models generated by the bootstrap. In this study, we used N = 128 because 
it was found that mean values and standard errors of the fitting parameters did not 
evolve significantly when N > 80.

results anD DisCussion
In the following sections, F and Cl solubility and solution 

behavior was determined with glasses. This glass structure 
reflects the structure of supercooled melt at the glass transition 
temperature.

At experimental conditions, F and Cl are released from the 
thermal decomposition of AgF2 (AgF2 → Ag0+F2) and PdCl2 
(PdCl2 → Pd0+Cl2). At the end of the experiments, Ag0 and Pd0 
are found as small, shiny beads of metal (nanometers to 3 mm), 
as also reported by Jago and Gittins (1989). The presence of 
these metal beads indicates that Ag and Pd were not oxidized 
during the experiments and do not bond with the melt structure. 
As the only volatiles present, F and Cl saturation in the melts is 
confirmed by the presence of bubbles. In the case of F-bearing 
samples, these bubbles were nanometers to 5 mm in diameter, 
whereas in the Cl-bearing samples, the bubbles were 10 to 40 
mm in diameter (Fig. 1).

The F and Cl concentrations in the silicate and aluminosilicate 
quenched melts are presented in Tables 2 and 3. In these analyses, 
interference of some of the metal beads was unavoidable. The 
melt compositions were, therefore, renormalized to 100 wt% 
after subtraction of Ag and Pd contents in the analyses of the 

melts (up to 6 mol% of Ag and 0.78 mol% of Pd). Variation of Ag 
concentration (from 0 to 6 mol% between individual analytical 
points) resulted in a change smaller than 0.45 mol% in F, which 
is near or within one standard deviation of the F analysis. The 
compositional homogeneity of the quenched melts confirms 
that a duration of 90 min for the experiments was sufficient to 
achieve F and Cl equilibrium in melts (Table 2).

The F solubility increases from 3.33 (±0.73, 1s) to 7.40 
(±0.08) mol% in the NS5Ax sodic system, and from 3.63 (±0.23) 
to 6.52 (±0.55) mol% in the KS5Ax potassic system with in-
creasing Al/(Al+Si) from 0.0 to 0.33 (Fig. 2a). The solubility in 
NS4Ax and NS5Ax melts is similar, within error. In comparison, 
in more polymerized melts such as that of NaAlSi3O8 composi-
tion [i.e., NBO/T ~ 0; Al/(Al+Si) = 0.25], the F solubility is 6–7 
times greater (59 mol% F) at the same pressure and temperature 
conditions (Dingwell 1987).

In contrast to F, Cl solubility is negatively correlated with 
the bulk Al/(Al+Si) ratio of the melt (Fig. 2b). At 1.5 GPa and 
1600 °C, with increasing Al/(Al+Si) from 0 to 0.33, the Cl con-
centration decreases from 5.70 (±0.65) to 2.45 (±0.30) mol% in 
the NS3Ax sodic system, and from 3.63 (±0.21) down to 1.14 
(±0.20) mol% in the KS3Ax potassic system. The Cl solubility 
in Na-aluminosilicate melts, therefore, is about 1.5 times higher 
than that in K-aluminosilicate melts. The Cl solubility NS4Ax 
(1400 °C) and NS3Ax melts (1600 °C) are comparable (Fig. 2b), 
suggesting that neither slight changes in Na/Si nor a 200 °C tem-
perature difference significantly affects Cl solubility, the latter 
observation being in agreement with Stagno and Dolejš (2007), 
Stelling et al. (2008), and Chevychelov et al. (2008). Accord-
ing to the model of Webster et al. (2015), a 200 °C temperature 
variation applied to our data should result in a 3% variation in Cl 

Table 2.  Run product compositions in mol% normalized to 100 mol% at 1.5 GPa
 F10NS5A0 [12] F10NS5A2.5 [9] F10NS5A5 [12] F10NS5A7.5 [11] F10NS5A10 [14] F10NS5A12.5 [12]

Solubility samples
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) 

 C5NS3A0a [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)

 C5KS3A0a [11] C5KS3A2.5a [12] C5KS3A5a [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) 

 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)
Notes: Numbers in brackets indicate number of individual electron microprobe analyses included on average. Numbers in parentheses represents one standard 
deviation in terms of the least units cited.
a Na2O or K2O loss during analysis. 
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solubility, which is within the standard deviation on the present 
Cl solubility measurements.

The chlorine data are consistent with those of Zimova and 
Webb (2006) who also observed decreasing Cl solubility with 
increasing Al content in Na2O-Fe2O3-Al2O3-SiO2 melts. However, 
they are inconsistent with the empirical Webster et al. (2015) 
model, which predicts an increase of Cl solubility with Al/
(Al+Si). This may arise from the fact that this empirical model 
was developed on the basis of Cl solubility data in chemically 
much more complex natural systems. Indeed, results from the 
model are consistent with a Cl solubility increase from felsic 
[latite; NBO/T = 0.11; Al/(Al+Si) = 0.25] to mafic [basaltic; 
NBO/T = 0.76; Al/(Al+Si) = 0.27] melts, as observed by Web-
ster and De Vivo (2002). Therefore, Cl solubility is probably a 

complex function of the melt composition.
There is a linear, positive relationship between pressure and 

both F and Cl solubility (Fig. 3). While the F solubility-depen-
dence on pressure is the same regardless of the Al content (Fig. 
3a), the Cl solubility-dependence is about three times higher in 
Al-free and Al-poor (NS3, NS3A5 and KS3, KS3A5) melts than 
in Al-rich melts (Fig. 3b). Moreover, the pressure dependence of 
Cl solubility is about three times greater in NS3Ax melts than 
in KS3Ax melts (Fig. 3b).

Raman spectroscopy of F- and Cl-bearing sodic melts
Raman spectra of volatile-free and of F- or Cl-bearing 

NS4Ax quenched melts in the frequency range of first-order 
Raman scattering of (Si, Al)-O stretch vibrations are shown in 
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FiGure 2. Solubility in mol% of F (a) and Cl (b) in aluminosilicate quenched melts as a function of their bulk Al/(Al+Si). All samples were 
equilibrated at 1.5 GPa. Samples F10NS5Ax, F10NS4Ax, F10KS5Ax, and C5NS4Ax were synthesized at 1400 °C and samples C5NS3Ax and 
C5KS3Ax were synthesized at 1600 °C. Error bars represent one standard deviation of the average of analyses of each sample (number of analysis 
are shown in brackets in Table 2). For F solubility experiments, diamonds refer to NS5Ax and NS4Ax samples and triangles to KS5Ax. For 
Cl-solubility experiments, circles refer to NS3Ax and NS4Ax samples and reversed triangles are KS3Ax samples. The grayscale represents the 
variation of the bulk melt Al/(Al+Si) ratio. The same color code is used in Figures 3 and 7. Large symbols are for NS4Ax samples measured by 
Raman spectroscopy and presented in Figures 3 and 7.

Table 3.  Run product compositions in mol% normalized to 100 mol% between 1 and 2.5 GPa
 F10NS5A0 F10NS5A5 F10NS5A10
GPa 1a 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 2a 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 1a 1.5a 2 2.5a 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)
Notes: Number in parentheses represents one standard deviation in terms of the least units cited.
a Na2O or K2O loss during analysis.
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Figure 4 (between 850 and 1300 cm–1). Note that the spectra 
are reproducible in each sample regardless of the presence and 
abundance of metal beads. Therefore, we conclude that the 

presence of metal beads have no influence on the melt structure. 
There is a maximum between 1000 and 1100 cm–1 with visible 
shoulders on both sides, the detailed features of which vary with 
Al/(Al+Si). This spectral topology resembles the Raman spectra 
of volatile-free peralkaline aluminosilicate melts (Merzbacher 
and White 1991; Mysen et al. 2003). However, Raman spectra of 
F- or Cl-bearing melts differ from spectra of volatile-free melt. In 
Al-free and Al-poor compositions, both F- and Cl-bearing melts 
show Raman spectra with more intensity near 950–1000 cm–1 
and less intensity near 1100 and 1150 cm–1 compared to Raman 
spectra of volatile-free melts. In Al-rich melts, less intensity near 
950–1000 cm–1 and more intensity near the 1100 and 1150 cm–1 
are observed in the spectra of both F- and Cl-bearing glasses 
compared to those of volatile-free glasses. To decipher those 
topological differences, Raman spectra were deconvoluted with 
5 to 6 bands, in agreement with previous studies on similar melt 
compositions (Mysen et al. 2003; Le Losq et al. 2014; Dalou 
and Mysen 2015).

The assignments of bands in the 850–1300 cm–1 region of 
the Raman spectra have been extensively described to be associ-
ated with (Si,Al)-O stretch vibrations (e.g., Mysen et al. 1982; 
McMillan 1984; Matson et al. 1986; Mysen 1999; Le Losq et al. 
2014). In this study, we assigned the main bands in the 850–890, 
930–970, 1070–1110, and 1100–1170 cm–1 ranges in accord with 
Mysen et al. (2003) and Le Losq et al. (2014), who supported the 
Raman assignments with NMR spectroscopic data. Details on 
band location, bandwidth, and amplitude are presented in Table 4.

The band near 950 cm–1 (dark gray shading in Fig. 5) is as-
signed to Si-O stretching vibrations in Q2 structural units, the 
band near 1100 cm–1 (gray shading in Fig. 5) to Si-O stretching 
vibrations in Q3 units and the bands near 1150 and 1190 cm–1 
(white bands in Fig. 5) to stretching of (Si,Al)-O° (O°: bridging 
oxygen) bonds in Q4 units. Consistent with Mysen et al. (1982), 
Seifert et al. (1982), Mysen (1990), Neuville and Mysen (1996), 
Le Losq and Neuville (2013), and Le Losq et al. (2014), a bi-
modal shape is observed for the Si-O stretch signal assigned to 
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Table 4.  Parameters resulting from Raman spectra deconvolutions: Raman shift (cm–1), full-width at half maximum height (FWHM, cm–1), and 
intensity

 NS4 NS4A5 NS4A10 F10NS4 F10NS4A5 F10NS4A10 C5NS4 C5NS4A5 C5NS4A10
Raman shift

890 banda – – – – – – 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-O° 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)
bCO3

2–  – – – – – 1065(1) – – 1063(0.5)
FWHM

890 banda – – – – – – 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-O° 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)
bCO3

2–  – – – – – – – – 9(0.3)
Intensity

890 banda – – – – – – 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-O° 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)
bCO3

2–  – – – – – – – – 10(1)
Notes: Number in parentheses represents one standard deviation in terms of the least units cited. a See assignment discussion in the text. b Contamination, see Figure 5.

FiGure 5. Examples of curve-fitted Raman spectra of melts in the frequency region of (Si, Al)-O stretch vibrations for compositions indicated on 
each plot. The spectra are normalized to 100% intensity. The individual lines are of Gaussian shape and fitted to the spectra as discussed in the text. 
Peaks near 900, 950, 1100, 1150, and 1180 cm–1 Raman spectra are related to (Si, Al)-O stretching in Q2, Q3, Q4,II, and Q4,I tetrahedral units. See text 
for discussion of band assignments. The 1000–1070 cm–1 peak is related to the stretching T2s vibrational mode of SiO2 units as explained in the test.
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Q4 units. Two Gaussians, here named Q4,II (1140 cm–1) and Q4,I 
(1170 cm–1), are used as a mathematical solution to account for this 
asymmetry of the Si-O stretch signal from Q4 units (see Le Losq 
et al. 2014 for further discussion). In contrast, Dalou and Mysen 
(2015) used only one Gaussian to describe Q4 units; their approach 
was chosen to facilitate comparison to the data of Mysen (2007). 
There is, therefore, an expected discrepancy between the Raman 
fit results of the present study and Dalou and Mysen (2015). How-
ever, we chose use two Gaussians for fitting the Q4 signal, since it 
is clearly assymetric in pure silica, silica-rich silicate glasses, and 
tectosilicate glasses. (Mysen et al. 1982; Seifert et al. 1982; Mysen 
1990; Neuville and Mysen 1996; Le Losq and Neuville 2013; Le 
Losq et al. 2014; Neuville et al. 2014).

A band around 1000–1070 cm–1 is observed in all spectra 
(light gray shading). Results from molecular simulations 
(Spiekermann et al. 2012, 2013) and comparisons of simulations 
and neutron scattering data (Sarnthein et al. 1997; Pasquarello 
et al. 1998) with Raman data (Le Losq and Neuville 2013; Le 
Losq et al. 2014) indicate that this peak may be assigned to the 
Si-O asymmetric stretching vibrational mode of SiO2 tetrahedra. 
Those studies show that this peak probably arises from asym-
metric stretching of Si-O bonds in Qn units and clearly establish 
that the Si-O asymmetric stretching mode T2 of SiO2 tetrahedra 
occur at similar frequencies (Sarnthein et al. 1997; Pasquarello 
et al. 1998). This band is however difficult to fit, because it is 
present in a region in the spectra that is not well defined, i.e., 
where no significant shoulders or peaks are present. Our results 
show that its intensity and width increase with increasing Al 
content, consistently with Le Losq et al. (2014). The width is not 
significantly changing (±5 cm–1), compared to changes observed 
in tectosilicate glasses (Neuville and Mysen 1996; Le Losq and 
Neuville 2013).

In Raman spectra of Cl-bearing glasses, a band near 890 cm–1 
was necessary to fit the spectra. It may be assigned to (Si,Al)-
O- (O-: non-bridging oxygen) vibrations in Q1 structural units 
(cf. Mysen et al. 1982), but the origin of this peak is uncertain. 
This peak is barely visible in the spectra, and will be put aside 
for quantification of the glass polymerization using the area of 
the Qn peaks.

The curve-fitting of the spectra of F-bearing quenched melts 
requires an additional band around 990 cm–1 (cross-hatched in 
Fig. 5) to minimize the c2 (Table 5). The peak was not observed 
in spectra of silicate melts with low-F content [F/(F+O) ≤ 0.015], 
but appears at F/(F+O) > 0.02 (e.g., Mysen and Virgo 1985a, 
1985b; Luth 1988b; Mysen et al. 2004). This band is not required 
in curve-fits of the Raman spectra of halogen-free or Cl-bearing 
melts. Therefore, it likely can be assigned to a vibration involving 
F. It may not be assigned to Na-F, because such molecules gives 
Raman signals near 450–500 cm–1 (e.g., Hardy et al. 1969). A 
band at ~945 cm–1 was observed in SiO2-F glasses and was as-
signed to Si-F stretching vibrations in SiO3F tetrahedral units on 
the basis of valence force field calculations (Dumas et al. 1982). 

A peak observed near 907 cm–1 was assigned to Si-F stretching 
vibrations in amorphous fluorinated silicon films (Yamamoto et 
al. 1983). Fluorine-19 NMR data of F-bearing silicate glasses 
have provided evidence of SiO3F and SiO2F2 complexes, but not 
of SiF4 and SiOF3 (Duncan et al. 1986). Therefore, the band near 
990 cm–1 observed in our F-saturated silicate and aluminosilicate 
melts can be assigned to stretching vibrations of Si-F bonds. In 
agreement with Dumas et al. (1982), we propose that those bonds 
occur in SiO3F tetrahedral units, where fluorine replaces one of 
the O atoms in the silicate tetrahedral. It is difficult to assess the 
exact degree of polymerization of the oxygen atoms in the SiO3F 
units. Changing the BO/NBO ratio of the SiO3F units is likely to 
result in changing the Si-F frequency in such unit (Mysen and 
Virgo 1985b). However, we note that the vibrational frequency 
of the 990 cm–1 band is constant, regardless of the Al/(Al+Si) of 
the present glasses (Table 6). Therefore, the exact extent to which 
the oxygen forms bridges with neighboring silicate tetrahedra in 
the SiO3F units does not change with Al/(Al+Si).

To quantify the effect of F and Cl on the silicate melt struc-
ture, relative band intensities from the Raman spectra must be 
converted into Qn-species units fractions through (Mysen 1990; 
Mysen and Frantz 1993)

[Qn] = qn × AQn  (1)

where qn is a conversion factor, depending directly on the Ra-
man cross section of Si-O bonds in Qn units. In addition, melt 
polymerization can be calculated using the mean number of non-
bridging oxygen per tetrahedrally coordinated cation (NBO/T; 
here Al3+ and Si4+):

NBO/T = 2 × [Q2] + [Q3] = 2 × [q2 × AQ2] + [q3 × AQ3]  (2a)

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

DNBO/T = NBO/TF or Cl – NBO/Tvolatile-free  (2b)

The q2 and q3 values are close to unity for sodium silicates (My-
sen 2007), therefore q2 and q3 factors are negligible in Equation 
2a. Therefore, we can calculate a Raman-apparent DNBO/T with 
Equation 2b with using directly the Raman areas. This Raman-
apparent DNBO/T will be close to the true DNBO/T based on 
the assumption that qn factors are negligible. Whether or not 

Table 5.  Comparison of c2 from fits to F-bearing NS4Ax melts
 c2 w/ 990 cm–1 band c2 w/o 990 cm–1 band
F10NS4 2.6 15.8
F10NS4A5 22.0 18.6
F10NS4A10 5.4 10.5

Table 6.  Species abundance from Raman spectra of melts
 Relative peak area  DNBO/T
 Q2 Q3 aQ4 

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)
Notes: Errors on Qn species abundances were recalculated following the method 
of Mysen (2007). To calculate the Qn-species mole fractions, the area of bands 
around 990, 1010–1050, and 1065 cm–1 were not taken into account.
a Sum of Q4,I and Q4,II.
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halogen substitution affects the integrated intensities of Raman 
bands assigned to Si-O stretch vibrations is not known. By using 
qn-factors determined from halogen-free melts, we might have 
introduced an unknown inaccuracy in the calculated Qn fractions 
in halogen-bearing melts. Although Cl and F may have a slight 
effect on qn factors, it is not significant enough to influence the 
rest of the discussion.

F solution mechanisms
Fluorine in Al-free melts. The F-bearing NS4 silicate glass 

has fewer Q3 and Q4 and more Q2 units than the halogen-free NS4 
glass, which translates to higher Raman-based NBO/T-values 
(Fig. 6). The dominant complexes in Na2O-SiO2-F melts, inferred 
from 19F and 29Si NMR spectroscopy, have been reported to be 
Na-F complexes (e.g., Schaller et al. 1992; Mysen et al. 2004). 
The observed depolymerizing effect of F (Fig. 6) is inconsistent 
with the dominance of (Na+F)-bearing complexes. If this were 
the only fluorine solution mechanism, the silicate melt would 
become more polymerized (Raman-based NBO/T decreases). 
However, the Raman data indicate formation of (Si-F)-bearing 
complexes, by substitution of F for O.

The presence of Si-F bonds were previously reported in SiO2-
NaF melts containing >7.5 mol% F (Mysen and Virgo 1985b). 
In addition, evidence of a small fraction of Si-F in silicate and 
aluminosilicate melts has been reported from 19F NMR spectros-
copy (Zeng and Stebbins 2000; Kiczenski et al. 2004; Kiczenski 
and Stebbins 2006). In a melt with a comparable NBO/T to 
those of this study (~0.4), Si-F complexes represent 90% of 
fluoride complexes (Mysen and Virgo 1985b). Therefore, two 
competing F solution mechanisms may occur in silicate melts: 
one involving the formation of M-F complexes, with M being 

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

2 Si-O-M + F2 ↔ Si-O-Si + 2 M-F +1⁄2O2  (3a)
Si-O-Si + F2 ↔ 2 Si-F + 1⁄2O2.  (3b)

In Equations 3a and 3b, O2 will be released by degassing. Equa-
tion 3a seems to dominate at low-F concentrations and results 
in a polymerization of the glass network, as observed by Mysen 
et al. (2004; F ~ 3 mol%). In contrast, Equation 3b appears to 
be more important at high-F concentrations (Mysen and Virgo 
1985b; this study), and results in melt depolymerization (Fig. 
6). An equilibrium between Si-F or M-F complexes at a given 
F concentration may be then described as:

Si-F + Si-O-M ↔ M-F + Si-O-Si.  (4)

Such an equilibrium reaction is likely dependent on F concen-
tration, melt composition, pressure, and temperature conditions.

Fluorine in Al-bearing melts. Fluorine complexes with 
Al-F and Na-F bonding have been reported as the dominant 
solution mechanisms of F in anhydrous aluminosilicate melts 
(e.g., Schaller et al. 1992; Zeng and Stebbins 2000; Mysen et 
al. 2004; Baasner et al. 2014). The Al-F/Na-F abundance ratio 
increases with increasing Al/(Al+Si) of the melt (Mysen et al. 
2004), which is consistent with increasing F solubility with 
increasing Al/(Al+Si) (Fig. 2). This is also consistent with the 
decreasing Raman signal assigned to Si-F bonds with increasing 
Al/(Al+Si) (Table 6). Therefore, in addition to fluorine react-
ing with Si-O-Si and Si-O-M bonds through the mechanisms 
described by Equations 3 and 4, F also can react with Si-O-Al 
bonds in aluminosilicate melts as:

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

As a result, in addition of Equation 4, two additional equilibria 
may exist between Si-F, Al-F, and M-F complexes:

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

If Al3+ and its surrounding O and F atoms form fully neutral 
molecular species, Equations 5a and 5b may also imply that the 
alkali metals (here Na+ or K+), which were charge compensat-
ing Al3+ in tetrahedral coordination, become network modifiers. 
Consequently, Equations 5a and 5b may result in network depoly-
merization, potentially explaining increasing Q2 and Q3 fractions 
upon F addition in aluminosilicate glasses (Fig. 6).

The equilibrium constants of the above equations are un-
known. However, existing data suggest that equilibria for solution 
mechanisms presented in Equations 3a, 3b, 5a, and 5b depend 
mostly on pressure (Fig. 2) and Al/(Al+Si) ratio (Fig. 3). The 
comparison of the various existing data reported above indicate 
that Equations 4a, 4b, 6a, and 6b, which define the coexistence 
of the various F-bearing complexes in the melt, have equilibrium 
constants depending on F concentration, melt chemical composi-
tion, and possibly temperature. Dalou and Mysen (2015) also 
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FiGure 6. Relative area of the Raman signals assigned to (a) Q2, AQ2; 
(b) Q3, AQ3; and (c) Q4, AQ4, structural units of volatile-free (squares), 
F-bearing (diamonds), and Cl-bearing samples (circles). (d) Variation 
of melt polymerization, DNBO/T, with the addition of F and Cl, as a 
function of the bulk melt Al/(Al+Si) ratio. Increasingly darker symbols 
represent increasing Al/(Al+Si). Unit fractions of Qn and DNBO/T are 
presented in Table 4.
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show that Si-F complexes increase with increasing H2O content 
dissolved in aluminosilicate melts.

Cl solution mechanisms
Chlorine in Al-free melts. It has been previously suggested 

that Cl dissolves in silicate melts by forming Cl-bearing com-
plexes that contain Cl preferentially bonded to network-modi-
fiers (Ca, Na, or K; e.g., Stebbins and Du 2002; Sandland et al. 
2004; Zimova and Webb 2006; Evans et al. 2008; Baasner et al. 
2013). Such a mechanism means that in Na-silicate melts, for 
example, formation of NaCl complexes results in a decrease in 
abundance of network-modifying Na+, which results in silicate 
melt polymerization:

Si-O-Na + Cl2 ↔ 2 Si-O-Si + 2NaCl + 1⁄2O2.  (7)

Analogous expressions can be written for other alkali met-
als and alkaline earths. However, the Raman-based NBO/T of 
the C5NS4 glass is 0.32 higher than that of the pure NS4 glass 
(Table 6). The fractions of Q4 and Q3 decrease slightly and that 
of Q2 increases in the C5NS4 glass compared to the pure NS4 
glass (Table 6; Fig. 6). Moreover, an additional Raman peak 
is observed in the Cl-bearing glass near 890 cm–1, which may 
be assigned to (Si,Al)-O- vibrations in Q1 structural units (cf. 
Mysen et al. 1982 and references therein). This peak does not 
contribute significantly to spectra (Fig. 5), but its appearance, as 
well as the increase of Q2 fraction suggests an increase of melt 
depolymerization upon Cl solution.

Chlorine in Al-bearing melts. By increasing Al/(Al+Si) of 
Cl-saturated melts, Q3 fraction decreases, whereas Q4 fraction 
increases and Q2 fraction remains constant, within error (Table 
6, Fig. 6). In other words, Cl has a polymerizing effect in alu-
minosilicate melts. This effect increases with melt Al/(Al+Si) 
ratio (Fig. 6). This behavior can be explained with the aid of 
NaCl complexes, as described by Equation 7. As the melt Al/
(Al+Si) increases, the bulk Q3 fraction decreases (Fig. 6), and 
the solubility of Cl also decreases (Fig. 2). In addition, the ionic 
radius of alkali metals affects the solubility of Cl at a given Al/
(Al+Si) ratio (Figs. 2 and 3). This suggests a control of the Cl 
solution behavior, and hence solubility, by the properties of 
network modifier metals together with their interaction with 
specific Qn units.

Sandland et al. (2004), using 35Cl NMR, estimated that up to 
10% of the dissolved chlorine was in the form of Al-Cl or Si-Cl 
bonding in aluminosilicate melts. Although it cannot be asserted 
with certainty, we found no evidence of Si-Cl bonding in either 
Al-free or in Al-bearing melts.

iMpliCations

Both the solubility of F and Cl in melts and their effect on 
melt structure are governed by the type of complexes formed 
with these halogens. The different solubility behavior (Fig. 
2) may be related preferential bonding of F with Al and Si at 
high-F concentration through Equations 3b, 5a, and 5b, whereas 
Cl mainly bonds with network-modifying alkali cations. This 
difference also explains why Cl is more sensitive than F to the 
type of alkali (Na or K) in the melt (Fig. 2), although it remains 
unclear why Cl is more soluble in sodic systems than in potassic 

systems. It has been suggested that higher field strength cations 
(Na+ > K+) form more stable bonding with Cl- (Stebbins and Zeng 
2000). This behavior is consistent with Cl diffusivity data for 
phonolitic melts (Balcone-Boissard et al. 2009), which suggest 
that Cl interacts more strongly with Na than with K.

In Al-free melts, F and Cl have comparable solubility (within 
error, Fig. 2). In those melts, F causes depolymerization of the 
silicate structure, via formation of Si-F complexes. The chlorine 
solution mechanism seems also to cause depolymerization; the 
addition of Cl to silicate glass results an increase of Raman-based 
NBO/T and in the formation of highly depolymerized Q1 and Q2 
units within the silicate network. The exact nature of the bond-
ing of Cl in the present silicate melt remains unknown, but it is 
probable that Cl atoms reside in close proximity of the formed 
Q1 and Q2 units, where alkali metals will also be concentrated.

The addition of Al to silicate melts results in different rela-
tionships between dissolved halogen and aluminosilicate melt 
structure. Fluorine can react with the various Si-O-M, Si-O-Si, and 
Si-O-F bonds through different reactions with their equilibrium 
constants affected by the Al/(Al+Si) ratio of the melt, for instance. 
Indeed, the effect of F on the aluminosilicate melt structure 
depends primarily on the Na/Al ratio of the melt (Dingwell and 
Scarfe 1985; Dingwell 1989; Mysen et al. 2004), which determines 
the (Si,Al)-F/Na-F ratio. In contrast, Cl complexes mostly with 
network-modifiers, leading to melt polymerization. The effect of 
Cl on melt structure seems to rely mostly on its affinity to a specific 
alkali or alkali-earth cation, partly driving its solubility (Fig. 2).

It follows from the solution mechanisms of F and Cl that their 
effects on melt structure increase with Al/(Al+Si) content of mag-
mas (Fig. 6). In terms of magma properties, this implies that the 
effect of F on magma viscosity increases from basaltic to felsic 
compositions. Furthermore, because several wt% F is soluble in 
Al-rich magma, fluorine can cause viscosity reduction of up to 
several orders of magnitude (as measured by Baasner et al. 2013), 
making it as efficient as H2O in this regard (Dingwell and Mysen 
1985). In contrast, Cl solubility decreases with increasing degree 
of magma differentiation [increasing Al/(Al+Si)]. Its influence on 
the rate of change of NBO/T with Al/(Al+Si) is smaller, therefore, 
than for F-bearing magma. It follows therefore that any magma 
property that depends on melt polymerization (e.g., viscosity, 
compressibility, element partitioning) is more sensitive to Al/
(Al+Si) in F-rich magmatic systems than in Cl-rich systems. 
This is also observed in hydrous aluminosilicate melts in which 
H2O melt depolymerization is more enhanced by F addition than 
by Cl addition (Dalou and Mysen 2015).

The effect of Cl on magma properties, however, does not simply 
depend on Al/(Al+Si) content. For example, Webb et al. (2014) 
show that Cl decreases the viscosity of iron-bearing aluminosilicate 
melts, whereas it increases the viscosity of iron-free aluminosilicate 
melts. This shows that the electronic properties of network former 
and network modifier elements play a strong role in determining the 
formation and stability of Mx

1/xCl complexes (with M a modifier ele-
ment and x its electronic charge) within the silicate melt. This is cor-
roborated by literature data that shows the influences of the molar 
[Al2O3/(CaO+Na2O+K2O)], [Na2O/(Na2O+K2O)], and (Ca+Mg)/
(Na+K) ratios of melts on the efficiency of Cl dissolution at fixed 
pressure conditions (Métrich and Rutherford 1992; Chevychelov 
and Chevychelova 1997; Signorelli and Carroll 2000). From an 
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extension of these relationships, Webster et al. (2015) compared the 
Cl solubility of fluid-saturated melts with increasing concentration 
of (Ca1/2+Mg1/2+Al1/2+Na) and decreasing Si concentration in the 
melt for a range of P-T conditions. A very good agreement is found 
between Webster et al. (2015) model data and our experimental 
data of Cl solubility in Al-free melts with pressure.

From the above results and interpretations, it follows that 
the pressure (depth) at which halogens (both Cl and F) will 
be exsolved from a magmatic liquid is sensitive to the magma 
composition. For example, Al-rich magmas are likely to exsolve 
greater amounts of Cl than Al-poor magmas (Figs. 2 and 3). 
Consistently, Chevychelov and Suk (2003) have demonstrated 
that Cl solubility decreases by an order of magnitude as basaltic 
melts evolve to felsic compositions and that Cl partitions increas-
ingly in favor of fluids as magmas evolve from mafic to felsic 
residual melt compositions.
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