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Solubility mechanisms of fluorine in peralkaline and meta-aluminous silicate glasses
and in melts to magmatic temperatures
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Abstract—Structural interaction between dissolved fluorine and silicate glass (25°C) and melt (to 1400°C)
has been examined with19F and29Si MAS NMR and with Raman spectroscopy in the system Na2O-Al2O3-
SiO2 as a function of Al2O3 content. Approximately 3 mol.% F calculated as NaF dissolved in these glasses
and melts. From19F NMR spectroscopy, four different fluoride complexes were identified. These are (1) Na-F
complexes (NF), (2) Na-Al-F complexes with Al in 4-fold coordination (NAF), (3) Na-Al-F complexes with
Al in 6-fold coordination with F (CF), and (4) Al-F complexes with Al in 6-fold, and possibly also 4-fold
coordination (TF). The latter three types of complexes may be linked to the aluminosilicate network via
Al-O-Si bridges.

The abundance of sodium fluoride complexes (NF) decreases with increasing Al/(Al� Si) of the glasses
and melts. The NF complexes were not detected in meta-aluminosilicate glasses and melts. The NAF, CF, and
TF complexes coexist in peralkaline and meta-aluminosilicate glasses and melts.

From29Si-NMR spectra of glasses and Raman spectra of glasses and melts, the silicate structure of Al-free
and Al-poor compositions becomes polymerized by dissolution of F because NF complexes scavenge
network-modifying Na from the silicate. Solution of F in Al-rich peralkaline and meta-aluminous glasses and
melts results in Al-F bonding and aluminosilicate depolymerization.

Temperature (above that of the glass transition) affects the Qn-speciation reaction in the melts, 2Q3N Q4

� Q2, in a manner similar to other alkali silicate and alkali aluminosilicate melts. Dissolved F at the
concentration level used in this study does not affect the temperature-dependence of this speciation

reaction. Copyright © 2004 Elsevier Ltd
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1. INTRODUCTION

Fluorine dissolved in silicate melts affects their phys
chemical properties. For example, the viscosity of F-bea
silicate melts is lower than that of their F-free equivale
(Dingwell, 1987, 1989; Dingwell et al., 1985). This effect is
qualitatively similar to that of dissolved H2O (Dingwell, 1987).
However, the F-effects on melt viscosity depend on the sil
composition (Dingwell et al., 1985; Dingwell, 1989) and be
come less pronounced the less polymerized the silicate m

Liquidus temperature depression resulting from disso
fluorine in the melt resembles that of dissolved H2O (Wyllie
and Tuttle, 1961; van Groos and Wyllie, 1967; Luth, 198).
Further, the liquidus volumes of depolymerized silicate mi
als expand as fluorine is dissolved (Foley et al., 1986; Luth
1988a). This behavior is qualitatively similar to that of d
solved H2O (Kushiro, 1969).

Melt property dependence on fluorine content has been
eled with various types of fluoride complexing in the melt. O
or more of these proposed complexes might result in brea
of bridging oxygen bonds (seeCarroll and Webster, 1994, for
review). Breakage of bridging oxygen bonds in SiO2-F glass to
form Si-F bonds has been demonstrated by spectros
means (Yamamoto et al., 1983; Duncan et al., 1986). There are
Raman data of SiO2-NaF and SiO2-AlF3 glasses indicating th
a portion of the dissolved fluorine exists in the form of S
bonds in such glass compositions as well, but as NaF or3

* Author to whom correspondence should be addressed (my
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concentration increases, Na-F and Al-F bonding, respect
becomes increasingly important (Mysen and Virgo, 1985). Al-
kali- and alkaline earth fluoride complexes have also
documented in melt and glass systems such as CaO-S2-F
(Luth, 1988b), Mg2SiO4-NaAlSiO4-F (Foley et al., 1986), and
Na2O-CaO-SiO2-F (Stebbins and Zeng, 2000).

In Na-aluminosilicate melts and glasses, data from
nuclear magnetic resonance (NMR) and Raman spectro
suggest that Si-F bonding is not important and that va
combinations of Na-F, Al-F, and Na-Al-F complexing mi
occur instead.Schaller et al. (1992)suggested that for F
bearing glasses along the join NaAlO2-SiO2, AlF3-type com-
plexing with Al predominantly in sixfold coordination was t
principal solution mechanism.Kohn et al. (1991), Zeng an
Stebbins (2000), and Stebbins et al. (2000)concluded tha
although several percent of the Al may be in five- and six
coordination in such glasses, the dominant coordination
for Al in Al-fluoride complexes is 4. That conclusion is
general agreement with results from ab initio calculation
Liu and Nekvasil (2001).

Available information suggests, therefore, that there li
are several solution mechanisms of fluorine in silicate m
depending, perhaps, on the melt composition. These so
mechanisms would affect the melt structure differently. S
may cause silicate melt polymerization, whereas others res
melt depolymerization (seeCarroll and Webster, 1994, for
review of many of these models). One purpose of the pr
report is to clarify the relationships between silicate comp
tion and fluorine solution mechanisms with the aid of29Si and
19
F magic angle spinning nuclear magnetic resonance (MAS
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NMR) spectroscopy of F-bearing glasses in peralkaline and
meta-aluminous glasses (quenched melt) in the system Na2O-
Al2O3-SiO2-F.

Existing data have been obtained on F-bearing glasses
quenched from high-temperature melts. Application of the
glass data to the structural behavior of fluorine in silicate melts
at high temperature relies on the assumption that the high-
temperature melt structure was quenched into the glass. This
latter assumption is reasonable for qualitative and perhaps
semiquantitative purposes. However, thermodynamic, rheo-
logical, and structure data document that thermodynamically,
rheologically, and structurally a glass differs from melt (Urbain
et al., 1982; Richet and Bottinga, 1986; Dingwell and Webb,
1990; Mysen and Frantz, 1994a,b see also Mysen, 1995, 2003,
for reviews of relevant data). In the present report, possible
effects of temperature on the solution behavior of F will be
addressed by combining ambient-temperature NMR and Ra-
man data with high-temperature, in-situ Raman-based melt
structural studies.

2. EXPERIMENTAL METHODS

Starting compositions were between the joins Na2O-SiO2 and
NaAlO2-SiO2 with 80 mol.% SiO2; 0, 2.5, 7.5, and 10 mol.% Al2O3;
and �3 mol.% NaF. About 1 g of each F-free composition was made
first from mixtures of spectroscopically pure Na2CO3, Al2O3, and SiO2,
ground under alcohol for 1 h, melted �100°C above the individual
liquidus temperatures (liquidus temperatures from Osborn and Muan,
1960), and quenched to glass. Approximately 3 mol.% NaF was added
to each of these glasses, ground for another hour under alcohol, and
remelted at the same temperature for another hour. These F-bearing
samples were contained in sealed Pt tubing with 0.2 mm wall thickness
to minimize possible F-loss from the melt at high temperature. These
sealed (welded) capsules were employed to melt the F-bearing mate-
rials at ambient pressure and then quenched to glass in water. Weighing

Table 1. Com

NS80A0 NS80A2.5
SiO2 80.84 79.93
Al2O3 0.00 4.28
Na2O 18.98 15.47
Sum 99.82 99.68

SiO2 81.40 82.01
Al2O3 0.00 2.59
Na2O 18.60 15.41
NBO/Tb 0.457 0.294
Al(Al � Si) 0.000 0.059

F3NS80A0 F3NS80A2.5
SiO2 80.23 79.71
Al2O3 0.01 4.14
Na2O 17.58 14.58
NaF 1.83 1.79
Sum 99.65 100.22

SiO2 80.29 80.63
Al2O3 0.01 2.47
Na2O 17.08 14.32
NaF 2.62 2.59
Al/(Al � Si) 0.00 0.058

a From electron microprobe analysis.
b Calculated from composition with the assumption that Si4� and A
of these sealed containers � sample before and after melting was done
to check if there may have been leak and consequent possible loss of
material during this glass-making process.

The F-free glasses and melts will be referred to as NS80Ax, whereas
the F-bearing glasses and melts will be referred to as F3NS80Ax. In
both series of glasses x denotes mol.% Al2O3. Among these materials,
NS80A0 and F3NS80A0 are nominally Al-free, NS80A2.5-A7.5 and
F3NS80A2.5-A7.5 are peralkaline (Na � Al), and NS80A10 and
F3NS80A10 nominally are meta-aluminous (Na � Al) when F is
expressed as NaF.

The composition of these glasses was determined with a JEOL 8900
electron microprobe operating at 15 kV with 10 nAmp beam current.
Analyses were conducted by rastering over 10 � 10 �m squares to
avoid Na and F losses from the glasses during analysis. To evaluate in
particular possible F and Na loss during electron microprobe analysis
of these glasses, NaK� and FK� X-ray counting rates from the electron
microprobe were monitored before each analysis as a function of
counting time using the same 10 �m � 10 �m square raster. Counting
times in excess of 120 s were needed before counting rates began to
decrease appreciably. 120 s is longer than the time necessary for an
individual analysis. Thus, it seems quite unlikely that these glasses
experienced either Na or F loss during electron microprobe analysis.
Ten separate squares were analyzed per glass sample. The analyzed
glass compositions are listed in Table 1. Under the assumption that all
Al3� is in tetrahedral coordination in the F-free glasses, their degree of
polymerization, NBO/T, is negatively correlated with Al/(Al � Si)
(Table 1).

Glass and melt samples were examined by NMR and Raman spec-
troscopy. All NMR experiments were carried out using a Varian-
Chemagnetics Infinity Solid-state NMR spectrometer with a static field
of �7.05 T. Fluorine (19F) NMR was performed under fast MAS
conditions (26 KHz) using a 2.5-mm outer diameter double resonance
probe tuned to 282 MHz. The fluorine NMR spectra were referenced
using a pure NaF standard.

Many of the components within the 2.5-mm probe used for 19F NMR
spectroscopy are fabricated from Teflon. To remove signal from the
Teflon, a background suppression pulse sequence was used wherein
signal from spins that experience less than a �/4 pulse is removed. For
these experiments, a 3 �s �/2 pulse was employed. Tests with stan-
dards showed that complete removal of the fluorine background was

of glassesa.

NS80A5 NS80A7.5 NS80A10
79.02 77.95 76.02
8.27 12.38 16.02

12.78 9.75 7.23
100.07 100.08 99.27

82.06 82.30 82.20
5.06 7.70 10.21

12.88 9.99 7.59
0.170 0.047 �0.051
0.110 0.158 0.199

F3NS80A5 F3NS80A7.5 F3NS80A10
78.07 77.49 76.01
8.26 12.06 15.56

12.12 9.37 6.93
1.99 1.90 1.46

100.44 100.82 99.96

80.03 80.37 80.86
4.99 7.37 9.76

12.06 9.43 7.16
2.92 2.82 2.22
0.110 0.155 0.194

in tetrahedral coordination in the glass.
position

wt.%

mol.%

wt.%

mol.%

l3� are
achieved.
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Silicon (29Si) NMR experiments were performed at a MAS fre-
quency of 7.0 KHz in a 7.5-mm double resonance probe. The excitation
frequency is 59.6 MHz. A 1.5-�s pulse width (corresponding to a �30°
tip angle) was used with a 1000-s recycle delay.

Raman spectroscopy was employed to examine the structure of
high-temperature silicate melts. This method was used because its
probe frequency is many orders of magnitude greater than the oxygen
exchange frequency among structural units in silicate melts at mag-
matic temperatures (McMillan et al., 1992). In comparison, high-
temperature NMR spectroscopy of silicate melt is difficult because the
oxygen exchange frequencies at high temperatures are such that mul-
tiple oxygen exchanges occur over the signal acquisition time (Farnan
and Stebbins, 1990).

Raman spectra of both 25°C glasses and high-temperature melts
were obtained with a Dilor XY confocal microRaman spectrometer
using the 514 nm line of an Ar� ion laser for sample excitation. The
laser power was several hundred mW at the sample. The Raman system
was equipped with a cryogenic Thompson Model 4000 charge-coupled
detector (CCD) for signal detection. High-temperature Raman spectra
were recorded with the sample heated in a microheater (Mysen and
Frantz, 1992; Richet et al., 1994). The temperature precision was �2°C
and the temperature gradient across the sample �4°C (Richet et al.,
1994). A room-temperature spectrum was acquired before and after the
sequence of high-temperature spectra to ascertain whether sample
composition changed during high-temperature spectroscopy (see
Mysen, 1997, for details of this method). The high-temperature acqui-
sition sequence was started from the highest temperature
(1100–1400°C). The temperature was then lowered in 100°C temper-
ature intervals. Acquisition time was typically 60 s/CCD window, and
two windows were needed to record the frequency region of first-order
Raman scattering. All the spectra were corrected for temperature-
dependent Raman scattering efficiency using the algorithm of Long
(1977).

3. RESULTS

3.1. NMR Spectroscopy

3.1.1. 19F MAS NMR

The 19F MAS NMR spectra of the five F-bearing glasses are
shown in Figure 1. The sharp peak near �120 ppm, present in
all the spectra, most likely results from a small amount of a C-F
complex. The source of the carbon to form such complexes is
a small fraction of CO2 (probably � 0.1–0.2 wt.%) that re-
mains dissolved in the F-free glasses after melting of the
original Na2CO3-Al2O3-SiO2 starting compositions at ambient
pressure. The CO2-solubility in silicate melts of this kind likely
is on the order of 0.1 wt.% (Pearce, 1964).

The 19F NMR spectra consist of peaks near �220, �190,
�170, and �145 ppm (Fig. 1). Their intensity varies system-
atically with glass composition. In the spectrum of Al-free
F3NS80A0 glass, the dominant peak is at �220 ppm. This
spectrum resembles that of F-bearing N4S glass (Na2O · 4SiO2)
from the study of Zeng and Stebbins (2000). They also reported
a dominant peak at �220 ppm and a very weak peak near �140
ppm. A 20� vertical expansion (intensity) of the spectrum of
F3NS80A0 glass may indicate a very weak peak near �140
ppm (shaded region in insert in Fig. 1), but this peak is
significantly weaker than in the spectrum of the F-bearing N4S
glass of Zeng and Stebbins (2000). Their N4S composition is
essentially identical to F3NS80A0 except that the N4S sample
has �40% more F than F3NS80A0. This difference in F
content may account for the different intensity in this frequency
regime in the spectrum reported here (Fig. 1) and that of Zeng
and Stebbins (2000). The �220 ppm remains in all spectra of

peralkaline glasses although its intensity decreases markedly as
the Al content increases. The �220 ppm peak is not observed
in the 19F NMR spectrum of F3NS80A10 glass.

With increasing Al content, a broad band consisting of a
peak near �170 and one �190 ppm appears. A shoulder
appears near �145 ppm for composition F3NS80A5. This
shoulder evolves into a strong peak in the 19F spectrum of
F3NS80A10 glass.

Fluorine-19 spectra have been reported for some glasses at or
near the SiO2-NaAlO2 join. One of these glasses is F-bearing
NaAlSi3O8 (Zeng and Stebbins, 2000). The meta-aluminous
composition, F3NS80A10, is slightly more silica-rich [Si/(Si �
Al) � 0.8] than NaAlSi3O8 composition [Si/(Si � Al) � 0.25].
The NaAlSi3O8 sample (Zeng and Stebbins, 2000) contained
�8 times more F than F3NS80A10 glass. This difference
notwithstanding, the two main peaks in both spectra are those
near �145 and �190 ppm although the relative intensities of
these two peaks in the present study (Fig. 1) and in that of Zeng
and Stebbins (2000) differ. That difference most likely reflects
the different fluorine contents of the two glasses.

The 19F NMR spectra were fitted to peaks of gaussian line
shape to gain a measure of the relative abundance of fluoride
complexes giving rise to these peaks. Examples of such fits for
F3NS80A0, F3NS80A5, and F3NS80A10 composition glasses
are shown in Figure 2 with all the fitted NMR parameters
summarized in Table 2. The relative areas of the individual
peaks from the fitted spectra are shown in Figure 3.

The �220 ppm peak intensity decreases rapidly as the
glasses become aluminous diminishing from 100% to �20% of
the total area between Al/(Al � Si) � 0 (F3NS80A0) and
Al/(Al � Si) � 0.15 (F3NS80A7.5) (Fig. 3). There is no
evidence for a peak at this frequency above the background
scatter in the spectrum of the meta-aluminous glass,
F3NS80A10 (Fig. 1). The intensity of the two bands near �170
and �190 ppm increases with increasing Al/(Al � Si) for all
the aluminous samples (Fig. 3). The band near �145 ppm is
visually evident in spectra with Al/(Al � Si) � 0.1
(F3NS80A5), and shows an increase in relative intensity with
increasing Al/(Al � Si) (Fig. 3). A band in this region cannot
be resolved above the background in the 19F spectrum of the
least aluminous of the Al-bearing glasses, F3NS80A2.5 (see
Fig. 1).

The four peaks in the 19F MAS NMR spectra may be
assigned to four different fluorine sites in the glasses. The
�220 ppm peak is the main peak in Al-free glass (Fig. 1), and
also exists in the spectra of F3NS80A2.5, F3NS80A5, and
F3NS80A7.5 glasses. Its frequency is nearly coincident with
that of crystalline NaF (�225 ppm, e.g., Kreinbrink et al.,
1990; Miller, 1996), and can be assigned to F-bearing com-
plexes in the glass with Na-F bonding (Zeng and Stebbins,
2000). This peak is marked as NF in Table 2 and Figures 2 and
3. Its decreasing abundance with increasing Al/(Al � Si) is
consistent with decreasing activity of Na� as the melts become
more polymerized and more aluminous. Whether or not there is
oxygen in this complex cannot be determined from the 19F
NMR spectra. This possibility is, however, not inconsistent
with the NMR data.

There may also be a very weak band near �140 ppm in the
F3NS80A0 glass spectrum. This peak could possibly be as-
signed to a very small fraction (�1–2%) of Si-F bonding (see

Zeng and Stebbins, 2000). The band is, however, so weak that
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the existence of Si-F bonds in F3NS80A0 glass is not certain
(Fig. 1).

The peaks at �145, �170, and �190 ppm in the 19F NMR

Fig. 1. 19F MAS NMR spectra, normalized to total are
�160 ppm region of spectrum of F3NS80A0 glass is e
F3NS80A0 spectrum. Shaded region in insert is that whe
to [6]F-Si bonding (see text for detailed discussion of this
spectra occur only in Al-bearing glasses (Table 2; Fig. 1) and
are likely, therefore, to reflect some form of Al-F bonding
(Kohn et al., 1991; Schaller et al., 1992; Stebbins et al., 2000;
Liu and Nekvasil, 2001; Liu and Tossell, 2003). The exact

bearing glasses as indicated on figure. Insert in �130 to
d vertically by a factor of 20 relative to the complete
may be a small intensity increase that could be assigned
).
a, of F-
xpande

re there
feature
nature of the Al-containing fluoride species (�145, �170, and
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�190 ppm peaks) has been evaluated by comparing 19F NMR
glass spectra with those of possible crystalline complexes
(Schaller et al., 1992; Zeng and Stebbins, 2000) and by ab initio
calculations (Tossell, 1993a; Liu and Nekvasil, 2001; Liu and
Tossell, 2003). Liu and Tossell (2003) concluded that no Al-F
complex where all F-atoms were terminal could account for
any of these bands. That conclusion would exclude AlF3-like
complexes, for example. Schaller et al. (1992) and Zeng and
Stebbins (2000) suggested that the fluoride complex giving rise

Fig. 2. Examples of curve-fitted 19F MAS NMR spectra (from Fig.
1). Line parameters from all fits are given in Table 2. See text for
discussion of NF, CF, NAF, and TF notations.
to the �145 ppm peak may have a topaz-like structure. Liu and
Tossell (2003) in their calculations of possible Na-Al-F com-
plexes, also concluded that the band in the �145 ppm region
could be assigned to a topaz-like structure, but with, perhaps,
one or two unshared F atoms. This was because the chemical
shift of topaz (where all F is corner-shared) was found to be
near �128 ppm. The presence of terminal F causes this peak to
shift to more negative values (Liu and Tossell, 2003). Available
information is, therefore, consistent with the �145 ppm being
assigned to a topaz-like structure, and this structure is referred
to as TF in Table 2 and Figures 2 and 3. Whether or not there
is bridging oxygen linking this complex to the aluminosilicate
structure is uncertain. One or two bridging oxygen per tetrahe-
drally coordinated, F-bonded Al3� results in only 2–3 ppm shift of
the 19F spectra (Liu and Tossell, 2003). Such oxygen linkage is,
therefore, possible.

The peak near �170 ppm (referred to as NAF in Figs. 2 and 3
and Table 2) has been ascribed to Al-F-Al groups perhaps similar
to AlF3 or to chiolite (Schaller et al., 1992; Zeng and Stebbins,
2000). Liu and Tossell (2003), on the other hand, suggested that
corner-shared fluoride complexes with fourfold coordinated Al to
F could also account for this band. There may also be one or more
bridging oxygen between this fluoride complex and the alumino-
silicate network. In this model, F becomes increasingly deshielded
the larger the F/O ratio of the Al-tetrahedra. Absent Na�, an
Al-O-F-Al corner-shared complex with F/O � 0.33 yields 19F
shift of �171 ppm in the Liu and Tossell (2003) calculations. Our
samples, do, however, contain Na. One Na cation near a corner-
shared Al-O-F-Al complex causes a shift of �9 ppm (Liu and
Tossell, 2003). Deshielding of the F-atom by Na is also consistent
with the NMR results of Kiczenski and Stebbins (2002). Thus, the
band near �170 ppm in Na2O-Al2O3-SiO2-F glasses could be
assigned to mixed Al-O-F-Al tetrahedra with F/O between 0.33 (1
F and 3 O per Al) and 1 (2 F and 2 O per Al).

The peak near �190 ppm (Fig. 1) has been assigned to a
cryolite-like complex (Schaller et al., 1992; Zeng and Stebbins,
2000). The 19F shift of crystalline cryolite is near �191 ppm
(Schaller et al., 1992). Liu and Nekvasil (2001) and Liu and
Tossell (2003), from their ab initio calculations, also concluded
that this peak most likely was due to cryolite-like complexes.
Oxygen bridging of this fluorine complex to the aluminosilicate
network is consistent with the 19F shift (Liu and Tossell, 2003).
We retain that interpretation, and refer to this peak as CF in
Table 2 and Figures 2 and 3.

3.1.2. 29Si MAS NMR

The 29Si-NMR spectra of the F-free and F-bearing glasses
are shown in Figure 4. The spectrum of the F-free NS80A0
glass exhibits two nearly equally intense peaks near �107.5
and �93.0 ppm, respectively (Fig. 4A). This spectrum is iden-
tical to published 29Si-NMR spectra of glasses of similar com-
position (Maekawa et al., 1991a; Buckermann et al., 1992).
Increasing Al/(Al � Si) (and increasing degree of polymeriza-
tion-see Table 1) results in decreasing intensity of the �93 ppm
peak relative to that near �107 ppm and decreasing chemical
shift of the ��107 ppm peak (Fig. 4A). The spectrum of
NS80A10 glass, with a single nearly symmetric peak centered
near �100 ppm, is identical to the spectrum reported by Lee
and Stebbins (1999) for a glass of similar composition.

29
The Si-NMR spectrum of the fluorine-bearing F3NS80A0



iscussi

2750 B. O. Mysen, G. D. Cody, and A. Smith
glass shows the same �107 ppm peak as the spectrum of the
F-free equivalent, NS80A0 (Fig. 4 A,B). This peak shifts to less
negative values with increasing Al/(Al � Si) similar to that in
the spectra of the F-free glasses. It reaches �102.5 ppm for the
most Al-rich sample, F3NS80A10, compared with �100 ppm
in the 29Si spectrum of the F-free NS80A10 glass. As in the
spectra of F-free glasses, the shoulder near �93 ppm in the
spectrum of the Al-free F3NS80A0 glass diminishes in inten-
sity with increasing Al/(Al � Si).

The 29Si-NMR spectra of NS80A0 and F3NS80A0 glass
were fitted to two gaussian lines (see Maekawa et al., 1991a,b,
for discussion of line shapes). The curve-fitting was carried out
with the commercially available software package IGOR from
Wavemetrics. Unless otherwise specified in the text, line posi-
tion, intensity, and width were independent variables in this
routine using �2-minimization as the principal convergence test
during curve-fitting.

The two peaks in the 29Si-NMR spectrum of NS3A0 glass
are near �93 and �107.5 ppm (Fig. 5; see also Table 3). These
two peaks were assigned to Q3 and Q4 structural units, respec-
tively, consistent with existing 29Si-NMR spectra of glasses
with similar Na/Si along the Na2O-SiO2 join (Maekawa et al.,
1991a; Buckermann et al., 1992).

The shift in the peak positions with Al/(Al � Si) of the glass
(Fig. 4) may reflect intensity changes of individual 29Si bands
associated with different number of next-nearest neighbor Al3�

around Si4� (Lee and Stebbins, 1999). There could be up to
five possible Q4 environments with 0–4 next-nearest tetrahe-
drally coordinated Al3�. For Q3-units, there could be four
possible combinations of next-nearest, tetrahedrally coordi-
nated Al3�. Such units will be referred to as Q4(mAl) and
Q3(nAl), where m � 0–4 and n � 0–3.

The 29Si-NMR spectra are insufficiently well resolved to
conduct curve-fitting successfully to such a large number of
possible bands without constraints of one or more of the line
parameters (width, position, and intensity). To deal with this
situation, the model developed by Lee and Stebbins (1999) to
fit the 29Si-NMR spectra of glasses along meta-aluminosilicate
joins was used to assist in the curve-fitting of the present
spectra. The starting point when fitting peaks that may be
assigned to Q4(mAl) species was the peak position and half-
width for individual lines assigned to Q4(mAl) (m � 0–4) by
Lee and Stebbins (1999) from the 29Si-NMR spectra of glasses
along the join NaAlO2-SiO2. The positions of the Q4(0), Q4(1),
and Q4(2) peaks fall within the frequency range of NMR
intensity of the present spectra (Fig. 4). (Notations such as
Q4(0), Q4(1), etc. denote species, or structural units, with the

Table 2. NMR line parameter

Sample

Chemical shift, ppm

TFa NAF CF NF

F3NS80A0 �220
F3NS80A2.5 �172 �190 �220
F3NS80A5 �142 �169 �189 �221
F3NS80A7.5 �146 �172 �189 �223
F3NS80A110 �146 �177 �191

a Band designations as in Figure 2 and 3. See also text for further d
number in parentheses representing the number of next-nearest
neighbor Al3� to Si4�. These next-nearest Al3� are linked to
Si4� via bridging oxygen.) Peaks from Q4(mAl) units with m
�2, occur at shifts less negative than �80 ppm (Lee and
Stebbins, 1999), where there is no intensity in the present
spectra (Fig. 4). Q4(mAl) species with more than two next-
nearest Al3� (m � 2) will not, therefore, be considered here.

A similar approach was adopted as the starting point for
curve-fitting possible peaks assigned to Q3(nAl) (n � 0–3).
The peak position for Q3(0) was that defined by the spectrum of
Al-free glasses (Fig. 5; Table 3). For other possible Q3(nAl)
peaks in the spectra of Al-bearing glasses, it was assumed that
the deshielding of the Si nucleus by next-nearest Al was similar
to that in the Q4(mAl) units. This assumption is consistent with
observations of 29Si deshielding by next-nearest Al in crystal-
line, tecto-, sheet- and chain-silicates (see Engelhardt and
Michel, 1987, for summary of those data). The relative shift of
the Q3(nAl) peaks by 1, 2, and 3 next-nearest Al was assumed,
therefore, to be similar to that of 1, 2, and 3 next-nearest Al to
Si in Q4(mAl). Initially, it was also assumed that the halfwidths
of the peaks assigned to Q3(nAl) were similar to the equivalent
peaks assigned to Q4(mAl). For Q3(nAl), the shift at the be-
ginning of the curve-fitting was �93.0 ppm for Q3(0) (No Al).
For Q3(1–3), the shifts would be �83.0, �75.1, and �71.4

19F NMR spectra of glasses.

Relative area, %

TF NAF CF NF

100.00
17.8 � 0.4 1.4 � 0.4 80.9 � 0.5

5.6 � 0.2 30.1 � 0.3 15.0 � 0.4 49.4 � 0.4
7.22 � 0.5 29.6 � 0.6 38.6 � 0.6 14.7 � 0.4
33.2 � 0.5 30.2 � 0.2 36.6 � 0.7

on.

Fig. 3. Relative areas (relative abundance) of individual peaks from
19F MAS NMR spectra (from curve-fitted spectra, Fig. 2 and Table 2)
as a function of bulk Al/(Al � Si) of F-bearing samples. See text for
s from
discussion of NF, CF, NAF, and TF notations.
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ppm, respectively. It is immediately evident from the spectra
(Fig. 4) that because there is no intensity below about �78
ppm, only Q3(0) and Q3(1) need to be considered. Peaks that
could be assigned to Q2 would have chemical shifts ��80 ppm
(Murdoch et al., 1985; Engelhardt and Michel, 1987; Stebbins,
1995; Mysen et al., 2003). There is no NMR intensity in this
region above the uncertainty introduced by the background
scatter in the 29Si-NMR spectra (Fig. 4). Thus, the maximum
possible number of peaks in any of the 29Si-NMR spectra is 5.

During the fitting, the line position and line width of each
peak were restricted to vary within �1 ppm because this is the
approximate uncertainty in the relationships between these line
parameters and the number of next-nearest Al in the 29Si-NMR
spectra of crystalline aluminosilicates (Engelhardt and Michel,
1987). This range in peak parameter values is also consistent
with recent 29Si-NMR data of glasses along the join Na2Si3O7-

Fig. 4. 29Si MAS NMR spectra, normalized to total are
indicated on figure.
Na2(NaAl)3O7 (Mysen et al., 2003). Peak intensities were not
constrained during fitting. The principal convergence criterion
was minimization of �2.

Examples of fits obtained with this method are shown in Figure
5, with results from all the fits summarized in Table 3. The number
of bands fitted to the spectra was decided on the basis of whether
or not additional bands resulted in a significant decrease in �2. A
significant decrease in �2 for a 3-parameter line function is �10%
(Hamilton, 1965). With this consideration in mind, only Q3(0)
peaks were significant. Therefore, in the fits to the 29Si-NMR
spectra, only Si4� in Q4(mAl) units have next-nearest Al3�.

A test of the appropriateness of this fitting approach is a
comparison of the NBO/T and Al/(Al � Si) of the glasses
calculated from bulk composition (Table 1) and the NBO/T-
and Al/(Al � Si)-values derived from the fitted 29Si-NMR
spectra. The NBO/T of the glasses is equal to the abundance of
Q3-units derived from the fits to the NMR spectra because there

3� 4� 3

free (A–No F) F-bearing (B–as 3 mol.% NaF) glasses as
a, of F-
is no Al next-nearest neighbor to Si in Q units. The



Fig. 5. Examples of curve-fitted 29Si MAS NMR spectra (from Fig. 4). Line parameters from all fits are given in Table 3. See text
for discussion of Q3, Q4(0), Q4(1), and Q4(2) assignments.
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NBO/T-values from the spectra of the F-free glasses thus
obtained are compared with the NBO/T-values calculated from
the bulk compositions in Figure 6. The two sets of NBO/T-
values are in good agreement. The error in NBO/T from the
NMR spectra is difficult to assess because of the highly con-

Table 3. NMR line parameter

Sample

Chemical shift, ppm

Q3 (0) Q4 (0) Q4 (1)

NS80A0 �93.2 �107.9
NS80A2.5 �94.3 �109.8 �104.2
NS80A5 �95.1 �109.5 �103.7
NS80A7.5 �94.9 �109.1 �102.2
NS80A10 �109.1 �100.4
NS80A0F3 �93.6 �108.6
NS80A2.5F3 �93.8 �109.8 �102.8
NS80A5F3 �93.4 �109.5 �102.7
NS80A7.5F3 �94.7 �109 �102.3
NS80A10F3 �94.9 �110 �102

Fig. 6. Comparison of NBO/T (A) and Al/(Al � Si) (B) for F-free
glasses derived from bulk composition and calculated from the 29Si-
NMR spectra as discussed in the text. Solid lines represent 1:1 corre-

spondence between values.
strained nature of the fits. Even so, observed (from NMR) and
calculated (from bulk composition) NBO/T-values differ by �8%.

To compare Al/(Al � Si) from the bulk composition and
from the curve-fitted 29NMR spectra, we first need to evaluate
the distribution of Al3� among the structural units in the
glasses. To this end, we need to extract from the 29Si spectra
the concentration of both Si4� and Al3� in the Q4(mAl) units.
This can be accomplished as follows. For Q4(mAl) units with
1 next-nearest Al [Q4(1Al)], Al � 0.25Si, and for 2 next-
nearest Al [Q4(2Al)], Al � 0.5Si. Because there is no NMR
intensity below about �80 ppm, more aluminous Q4(mAl)
species than Q4(2) need no further consideration. With the
assumption that Al-avoidance is obeyed, the abundance of
individual Q4(mAl) units, XQ4(mAl), then becomes:

XQ4	mAl
 � Q4	mAl
 � m/4Q4	mAl
 (1)

In Eqn. 1 Q4(mAl) is obtained from the relative area of the
peaks in the 29Si-NMR spectra assigned to individual Q4(mAl)
species with m next-nearest Al3� (see also Fig. 5 and Table 3).
The Al/(Al � Si) of each of these units, [Al/(Al � Si)]Q4(mAl), is:

� Al

Al � Si�
Q4	mAl


�
m/4

1 � m/4
. (2)

The total Al/(Al � Si) of the glasses derived from the fits of the
29Si-NMR spectra then becomes:

Al

Al � Si
� �

m�1

m�2

XQ4	mAl
 · � Al

Al � Si�
Q4	mAl


, (3)

where XQ4(mAl) is from Eqn. 1 and [Al/(Al � Si)]Q4(mAl) from
Eqn. 2.

The Al/(Al � Si) from the 29Si-NMR spectra of F-free
glasses (Fig. 4) thus calculated is compared with the values
calculated from bulk composition (Fig. 6B). Even though errors
in the Al/(Al � Si)-values derived from the 29Si-NMR spectra
together with Eqns. 2 and 3 are difficult to assess because of the
severe constraints imposed on the fits of these spectra, the two
sets of values compare well, thus lending further credence to
this approach to curve-fitting of the spectra.

The tests of the appropriateness of fits employed for the
29Si-NMR spectra of F-free samples (Fig. 6) cannot be used for
the spectra of F-bearing samples because the solution mecha-

29Si NMR spectra of glasses.

Relative area, %

(2) Q3 (0) Q4 (0) Q4 (1) Q4 (2)

46.8 53.2
39.6 25.3 35.1 0.0

9.5 27.7 20.9 45.8 4.6
2.8 12.8 27.3 53.2 5.3
1.1 20.5 56.5 19.1

41.6 58.4
28.2 48.4 23.5
25.2 32.5 42.3

1.5 16.4 27.9 47.7 6.2
2.7 3.8 22.4 63.3 8.7
s from

Q4

�8
�9
�9

�9
�9
nisms of fluorine (see above) can affect both NBO/T and Al/(Al
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� Si) of the aluminosilicate. However, in light of the results of
the evaluation procedure summarized in Figure 6 for the spec-
tra of F-free samples, it is reasonable to assume that fitting of
the 29Si-NMR spectra of the F-bearing samples using the same
approach would yield results of similar reliability.

From the curve-fitting (Table 3; Fig. 5) and the calculations
via Eqns. 1–3, the evolution in abundance of Q4(mAl) as a

Fig. 7. Evolution of Qn-species abundance in F-free (A
In these figures, Q4(0), Q4(1), and Q4(2) represent Q4-sp
Q4(1) � Q4(2) abundance, and �Q3 the total abundance o
abundance calculations.
function of bulk melt Al/(Al � Si) is shown for the NS80A0-10
and F3NS80A0-10 glasses in Figure 7. Also shown is the total
abundance of Q4-species (�Q4), which is simply the sum of
abundance of the individual Q4(mAl) species, and the Q3-
abundance, �Q3. In both series of glasses, the abundance of
Q4(0) (0 next-nearest Al) decreases with increasing bulk Al/(Al
� Si). Qualitatively, this decrease resembles that observed
for glasses along the meta-aluminosilicate join, NaAlO2-SiO2

-bearing (B) glasses as a function of their Al/(Al � Si).
ith 0, 1, and 2 next-nearest Al3� to Si4�, �4 � Q4(0) �
ecies. See text, in particular Eqns. 1–3, for discussion of
) and F
ecies w
f Q3-sp
(Lee and Stebbins, 1999) and along the join Na2Si3O7
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–Na2(NaAl)3O7 (Mysen et al., 2003). The Q4(1) species (1
nearest-neighbor Al) exists in all Al-bearing glasses
(NS80A2.5-10 and F3NS80A2.5-10) with a positive correla-
tion between its abundance and bulk melt Al/(Al � Si). The
most aluminous Q4(mAl)-species, Q4(2), is detected in F-free
samples with Al-content equal to or higher than that of
NS80A5 (Fig. 8A), whereas Q4(2) is not detected in the spectra
of F-bearing glasses until the Al-content reaches that of

Fig. 8. Al/(Al � Si) in Q4-species [Al/(Al � Si)�Q4] i
Al/(Al � Si) of the glasses. See text, in particular Eqns.
F3NS80A7.5 (Fig. 7B).
The total Al/(Al � Si) of the Q4-species, [Al/(Al � Si)]�Q4,
increases with increasing bulk Al/(Al � Si) (Fig. 7). The
[Al/(Al � Si)]�Q4 in Al-bearing, F-free samples (Fig. 8A) is
higher, however, than in the F-bearing glasses of comparable
bulk Al/(Al � Si) (Fig. 8B). These relations are a natural
consequence of the formation of Al-F complexes in the F-
bearing system as the glasses become more aluminous, thus
resulting in lower Al content of the aluminosilicate network.

4 3

(A) and F-bearing (B) glasses as a function of the bulk
r detailed discussion of Al/(Al � Si)�Q4 calculation.
n F-free
1–3, fo
The �Q and �Q abundance trends are qualitatively con-
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sistent with increasing aluminosilicate polymerization as the
bulk Al/(Al � Si) increases (Table 1). The �Q4 in F3NS80A0
is higher and that of �Q3 is lower than in the corresponding
F-free glass. The rate of change of their abundance with bulk
Al/(Al � Si) of F-bearing glasses also differs (Fig. 7). These
abundance relations translate to the evolution of aluminosili-
cate glass polymerization, NBO/T, vs. bulk Al/(Al � Si) in
Figure 9. Interestingly, the 29Si-NMR spectrum of Al-free
F3NS80A0 glass indicates polymerization of the silicate net-
work compared with the F-free NS80A0 glass. Simply adding
NaF to NS80A0 to form NaF complexes in its glass (and melt)
would not result in silicate polymerization. As discussed in
more detail below, polymerization of the F3NS80A0 silicate
network implies that there must be some oxygen in the Na. . .F
complex.

The observation that within the sensitivity of the experimen-
tal method all Al3� resides in the most polymerized of the
coexisting structural units (Q4) is consistent with data from
other Al-bearing glass and melt (Merzbacher et al., 1990;
Maekawa et al., 1991b; Mysen et al., 1981, 2003). From
crystalline aluminosilicates and numerical simulation of alumi-
nosilicate clusters, bridging Al-O bonds typically are 5–7%
longer than bridging Si-O bonds. The Al-O-Al and Si-O-Al
bond angles are slightly smaller (1–3%) than Si-O-Si bond
angles (Brown et al., 1969; Geisinger et al., 1985; Tossell,
1993b). One may infer, therefore, that longer bridging oxygen
bonds and slightly smaller T-O-T bond angles are accommo-
dated in fully polymerized Q4-units in aluminosilicate melts

3

Fig. 9. Degree of polymerization, NBO/T, as F-free (op
of bulk Al/(Al � Si). See text for detailed discussion of
with less energy penalty than in Q -units.
3.1.3. The effect of fluorine on 29Si spin-lattice relaxation

The 19F nucleus has a relatively large magnetic moment and
at a concentration of �3 mol.% (as NaF) would be expected to
enhance the strength of the fluctuating magnetic field of the
lattice, thus affecting the spin-lattice relaxation time constant,
T1, of silicon (Abragam, 1961). To explore such effects, inver-
sion recovery experiments were performed on the F-containing
glasses using a 1000-s recycle delay (Fig. 10). Note that only in
the case of Al-free glass was the recovery followed to near
completion. In this case, the relaxation back to equilibrium
clearly is multi-exponential, a fact not surprising given the
structural complexity of glasses.

The effect of increased aluminum content is revealed in
Figure 10 as a progressive increase in T1. It is not possible to
derive a quantitative value for T1 given both the multi-expo-
nential nature of the data and the incomplete recovery exhibited
by most of the samples. A coarse estimate of T1 can be derived
from the null signal (I � 0.0) time for each curve in Figure 10.
Such an analysis provides estimates of 29Si T1 on the order of
�20 s for the F-bearing samples without Al (F3NS80A0) and
up to �200 s for samples with 10 mol.% Al2O3 (F3NS80A10).
In each case these T1-values are considerably less than those of
similar composition glasses without F. The increase in T1 with
increasing aluminum content is consistent with a progressive
shift of fluorine, inferred from the 19F NMR data (Figs. 1–3),
from Na-F complexes to Na-Al-F clusters that may be linked to
and distributed within the aluminosilicate network as the

bols) and F-bearing (solid symbols) glasses as a function
calculations.
en sym
NBO/T
glasses become more aluminous.
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3.2. Raman Spectroscopy

The Raman spectra of F-free NS80A0-NS80A10 and F-
bearing F3NS80A0-F3NS80A10 series glasses in the fre-
quency range of first-order Raman scattering show two domi-
nant features, between 400 and 700 cm�1 and between 900 and
1200 cm�1, respectively (Fig. 11). For both F-free and F-
bearing glasses with no or low alumina contents, there is a
sharp maximum near 1100 cm�1 with a shoulder on its high-
frequency side. There is another maximum near 500 cm�1 also
with a peak or a shoulder on its high-frequency side. The
former frequency region is that of (Si,Al)-O stretch vibrations,
and that between �400 and 600 cm�1 is the region of (Si,Al)-O
rocking and bending motions (see, for example, Furukawa et
al., 1981; McMillan, 1984). The spectral region centered near
1100 cm�1 broadens and becomes less well resolved with
increasing bulk melt Al/(Al � Si) (Fig. 11). The exact Raman
frequencies in these regions depend on the types and propor-
tions of Qn-species in the melts and on their Si/Al-ratios

Fig. 10. Results of standard inversion recovery (180° pu
glasses as a function of their Al2O3 content using a 1000
(Seifert et al., 1982; Matson et al., 1986; Mysen, 1999). The
spectral features in Figure 11 are similar to those observed in
Raman spectra of other alkali silicate and alkali aluminosilicate
glasses (Brawer and White, 1975; McMillan, 1984; Virgo et al.,
1980).

Differences between F-free and F-bearing glasses have been
amplified by subtracting spectra of F-free glasses from those of
the equivalent F-bearing glasses (Fig. 11C). For glasses with
Al2O3 � 5 mol.%, the differences between the pairs of spectra
are quite small, reflecting most likely only subtle changes in
Al/Si ratio and Qn-species abundance resulting from interaction
between dissolved fluorine and the aluminosilicate network.
For glasses with higher Al2O3 contents, there are changes in the
intermediate frequency region between �600 cm�1 and 900
cm�1 (shaded regions in Fig. 11C). There is an intensity growth
near 800 cm�1, which is likely due to stretching vibrations of
[4]Al-F bonds in analogy with [4]Al-O bond stretching in this
frequency range (Sato et al., 1991). This interpretation is con-
sistent with the interpretation of 19F NMR spectra of these

able delay—90° pulse-detect) experiments from F-bearing
cle delay.
lse-vari
-s recy
glasses (Figs. 1–3; Table 2), suggesting increasing importance



2758 B. O. Mysen, G. D. Cody, and A. Smith
Fig. 11. Raman spectra obtained at 25°C of F-free (A) and F-bearing (B) glasses in the frequency region of first-order
Raman scattering. In panel A, A0, A2.5, A5, A7.5, and A10 denote compositions NS80A0, NS80A2.5, NS80A5, NS80A7.5,
and NS80A10, respectively. In panel B, F3A0, F3A2.5, F3A5, F3A7.5, and F3A10 denote compositions F3NS80A0,
F3NS80A2.5, F3NS80A5, F3NS80A7.5, and F3NS80A10, respectively. All spectra in (A) and (B) are normalized to 100%
intensity, where 100% represents that data point within each spectrum of the highest intensity. The spectra are offset for
clarity. Panel C: Difference spectra between F-bearing (B) and F-free (A) spectra with the individual difference spectra
offset for clarity. A0 diff � spectrum F3A0 � spectrum A0; A2.5 diff � spectrum F3A2.5 � spectrum A2.5; A5 diff �
spectrum F3A5 � spectrum A5; A7.5 diff � spectrum F3A7.5 � spectrum A7.5; and A10 diff � spectrum F3A10 �
spectrum A10. See text for discussion of shaded regions in C.
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of Al-F bonding with increasing Al content of the glass (see
discussion above). At least one of these F-complexes, denoted
NAF in Figures 2 and 3, is characterized by fourfold coordi-
nation of F around Al, consistent with the Raman intensity
increase near 800 cm�1 (Fig. 11C).

The intensity increase near 600 cm�1 (Fig. 12C) occurs in a
frequency range similar to that observed for molten cryolite
(Gilbert et al., 1975) and is considered consistent with [6]Al-F
bonding in these Al-rich, F-bearing glasses. The existence of
both the CF and TF complexes suggested from the 19F NMR
spectra of these glasses (�145 and �190 ppm peaks in the 19F
spectra; see Figs. 1–3; Table 2) are consistent with this inter-
pretation of the Raman spectra.

Fig. 12. Raman spectra obtained at 1000°C of F-free (A
region of first-order Raman scattering. In panel A, A0, A2
NS80A5, NS80A7.5, and NS80A10, respectively. In pan
sitions F3NS80A0, F3NS80A2.5, F3NS80A5, F3NS80A7
normalized to 100% intensity, where 100% represents th
spectra are offset for clarity. Panel C: Difference spectra b
difference spectra offset for clarity. A0 diff � spectrum F
A2.5; A5 diff � spectrum F3A5 � spectrum A5; A7.5 diff
F3A10 � spectrum A10. See text for discussion of shade
Raman spectra were also recorded to temperatures up to
1400°C (for some of the compositions) at 100°C intervals.
Thus, spectra were taken both below and above the glass
transition temperature and to temperatures slightly above the
liquidus for these compositions (see Osborn and Muan, 1960,
for liquidus phase relations in the system Na2O-Al2O3-SiO2).
Examples of spectra taken at 1000°C are shown in Figure 12A,
B with difference spectra (F-free subtracted from F-bearing)
shown in Figure 12C. The high-temperature spectra resemble
those of their equivalent 25°C glasses (Figs. 11 and 12), sug-
gesting, therefore, no major changes in the structure of these
materials as they are transformed from a glass to a liquid.

It has been suggested that higher-order Raman scattering
may contribute a few percent intensity to spectra of silicate and

-bearing (B) melts (supercooled liquids) in the frequency
A7.5, and A10 denote compositions NS80A0, NS80A2.5,
A0, F3A2.5, F3A5, F3A7.5, and F3A10 denote compo-
F3NS80A10, respectively. All spectra in (A) and (B) are
point within each spectrum of the highest intensity. The
F-bearing (B) and F-free (A) spectra with the individual
spectrum A0; A2.5 diff � spectrum F3A2.5 � spectrum
trum F3A7.5 � spectrum A7.5; and A10 diff � spectrum
ns in C.
) and F
.5, A5,
el B, F3
.5, and
at data
etween
3A0 �
� spec
d regio
aluminosilicate melts at magmatic temperatures (Daniel et al.,
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1995; McMillan et al., 1994). However, within the several
percent background scatter in the present data, higher-order
Raman bands were not detected in the present spectra.

The difference spectra at 25°C and 1000°C (Figs. 11C and
12C) also resemble one another. In particular for samples with
Al2O3 �5 mol.% the difference between 25°C and 1000°C
spectra is negligible (Figs. 11C and 12C). For materials with
Al2O3 �7.5 mol.%, the intensity increase centered near 800
cm�1, as in the 25°C spectra, is evident. The peak near 600
cm�1 remains strong in the difference spectrum of 10 mol.%
Al2O3 samples, whereas this peak is weaker in the 7.5 mol.%
Al2O3 differences spectra of 1000°C melt (Figs. 11C and 12C).
This difference in intensity may be because of temperature-
dependent changes in abundance of fluoride complexes in melts
vs. glass or simply because Raman scattering intensity is in-
trinsically temperature-dependent (Long, 1977). This tempera-
ture-dependence differs for different oscillators.

The high-frequency portion of the Raman spectra (�900–
1300 cm�1) was fitted to 3–5 gaussian bands, after correction
for instrumental background and temperature-dependent Ra-
man scattering intensity (Long, 1977). The curve-fitting was
carried out with the IGOR software package from Wavemet-
rics. In these fits, position (Raman shift), band width, and band
intensity were treated as independent variables and minimum
�2 was used as the principal convergence criterion.

In the fits to spectra of peralkaline glasses and melts, �4
gaussian lines satisfy the data (e.g., Fig. 13 A,B,E,F). The band
near 950 cm�1 (light shading in Fig. 13) is assigned to
(Si,Al)-O� (O�–nonbridging oxygen) vibrations in Q2 struc-
tural units, that near 1100 cm�1 (dark shading in Fig. 13) to
(Si,Al)-O� vibrations in Q3. The band near 1150 cm�1 (verti-
cal hachure) is assigned to (Si,Al)-O° (O° –bridging oxygen) in
Q4 units. These assignments are consistent with the 29Si-NMR
spectra of the glasses discussed above and are also in agree-
ment with existing Raman data of other silicate glasses and
melts (McMillan and Wolf, 1995; Mysen, 1995).

The 1050 cm�1 band [which shifts to lower frequency with
increasing Al/(Al � Si) of the glasses and melts] fitted to all the
spectra of peralkaline alkali silicate and alkali aluminosilicate
glasses and melts (marked with horizontal hachure in Fig. 13)
also has been reported in Raman spectra of vitreous silica as
well as in Raman spectra of other alkali- and alkaline earth-
silicate and –aluminosilicate melts and glasses (Bell and Dean,
1972; Brawer and White, 1975, 1977; Furukawa et al., 1981;
Mysen et al., 1982; Fukumi et al., 1990; McMillan et al., 1992;
Mysen and Frantz, 1993, 1994a). One proposed assignment of
this band is to Si-O° or (Si,Al)-O° vibrations in any structural
unit that contains bridging oxygen, but does not need by itself
to be fully polymerized (Mysen et al., 1982; Lasaga, 1982). An
alternative assignment is to Si-O vibrations in Q3 units associ-
ated with alkali metals or alkaline earths (Fukumi et al., 1990;
McMillan et al., 1992). The nature of this suggested association
with alkali metals was not specified. There is, however, no
evidence for a second Q3 structural unit in the 29Si-NMR
spectra of glasses reported here or existing in the literature
(Maekawa et al., 1991a; Buckermann et al., 1992). The former
assignment [(Si,Al)-O° vibration] is, therefore, the more likely
of the two alternatives.

The structure of these peralkaline glasses, based on the band

assignments of their Raman spectra, is, therefore, essentially
the same as that from 29Si-NMR of the same materials (Figs. 4
and 5; see also Table 3). There is, however, a small difference
in that whereas Raman spectrometry suggests a small propor-
tion of Q2 structural units (950 cm�1 band, see Fig. 13), the
29Si-NMR of these glasses is insufficiently sensitive to detect
Q2. This sensitivity limitation is because the chemical shift of
29Si-NMR peaks that might be assigned to Q2 structural units is
in the �75 to �80 ppm range (Engelhardt and Michel, 1987).
A few percent intensity in this frequency range of the 29Si-
NMR spectra (Figs. 4 and 5) cannot be isolated from the
low-frequency tail of the peak assigned to Q3 units over the
background noise in these spectra.

The 29Si-NMR spectrum of the meta-aluminosilicate glass,
NS80A10 (Fig. 4) was interpreted consistent with a fully po-
lymerized, three-dimensionally interconnected structure, an in-
terpretation also consistent with existing 29Si-NMR and X-ray
data of glasses along the join SiO2-NaAlO2 (Lee and Stebbins,
1999; Taylor and Brown, 1979). The Raman spectrum of the
same glass (Fig. 11A; upper spectrum) is identical to existing
Raman spectra of glasses along the same join (Seifert et al.,
1982; Neuville and Mysen, 1996). The curve-fitted high-fre-
quency envelope of this Raman spectrum (Fig. 13C) consists of
three peaks all of which can be assigned to (Si,Al)-O° (O°-
bridging oxygen) in the fully polymerized three-dimensionally
interconnected network of this glass (see Seifert et al., 1982, for
discussion of band assignments in this frequency region of
Raman spectra of glasses along the SiO2-NaAlO2 join).

The spectrum of F-bearing, 25°C-F3NS80A10 glass (Fig.
13G) is slightly different from the F-free equivalent because
from a statistical perspective (Hamilton, 1965) two additional
bands may be necessary (shaded in Fig. 13G). The curve-fitted
29Si-NMR spectrum of F3NS80A10 glass indicates that this
glass contains 3.8% Q3 (Table 3) consistent, therefore, with the
fitted peak near 1100 cm�1 in the Raman spectrum of this
glass. There is also a weak band near 950 cm�1 (Fig. 13G).
This band can be assigned to (Si,Al)-O� stretching in Q2

structural units as in the spectra of the peralkaline glasses
above. However, the 29Si-NMR spectrum of this glass cannot
be fitted to include a peak in the �75–80 ppm range, which
would be expected for Q2 (Murdoch et al., 1985; Engelhardt
and Michel, 1987; Mysen et al., 2003). The 950 cm�1 peak is
quite weak and the absence of a corresponding peak in the
29Si-NMR spectrum may due to statistically unresolvable in-
tensity in this region (as also discussed above).

Examples of fits to the high-frequency region of Raman
spectra recorded at 1000°C (in the supercooled temperature
region above the glass transition temperatures of these compo-
sitions) are shown in Figure 13 (B, D, F, and H) (Line param-
eters resulting from the curve-fitting of the 133 spectra exam-
ined for this purpose are available from the authors upon
request). The differences between these and those recorded of
glass at 25°C (Fig. 13 A, C, E, and G) are relatively subtle with
an intensity increase in the �950 cm�1 region being the
principal effect. The temperature-driven changes in these spec-
tra are similar to that observed in high-temperature Raman
spectra of other alkali silicate and alkali aluminosilicate melts
(McMillan et al., 1992; Mysen and Frantz, 1992, 1993, 1994a,b).

The aluminosilicate glass and melt structure, for both F-free
and F-bearing materials, may, therefore, be expressed as an

2 3 4
equilibrium between Q , Q , and Q structural units of the kind:



Fig. 13. Examples of Raman spectra of 25°C glasses and 1000°C melts in the frequency region on (Si, Al)-O stretch
vibrations for compositions indicated. The individual lines are of gaussian shape and fitted to the spectra as discussed in the
text. Also see text for discussion of shading and patterns and assignments of these bands. (Results of the curve-fitting to all
the spectra examined are available from the authors upon request).
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2Q3 N Q2 � Q4 (4)

This conclusion is entirely consistent with published NMR- and
Raman-based structural data for silicate glasses and melts of
compositions similar to those examined here (see Stebbins,
1995; Mysen, 1995, for reviews of such data).

The temperature-derivative of frequency of Raman bands
assigned to (Si,Al)-O stretching, 	
i/	T, is constant (Table 4)
and typical of the temperature-dependence of the frequency of
bands assigned to Si-O stretching in alkali silicate and alumi-
nosilicate melts (McMillan et al., 1992; Mysen and Frantz,
1994a; Mysen, 1997). A change in Al/(Al � Si) within a
structural unit because of increased temperature could cause a
change in 	
i/	T. Raman frequencies decrease with increasing
Al/(Al � Si) (Seifert et al., 1982). Changes in 	
i/	T with
temperature were not observed. There is, therefore, no evidence
in the high-temperature Raman spectra for temperature-depen-
dence of Al-distribution among the coexisting structural units.
We also conclude that the types of fluoride complexes remain
the same. If this were not the case, one would expect that the
Al/(Al � Si) in the aluminosilicate structures would change
thus resulting in a change of 	
i/	T. It must be cautioned,
however, that the sensitivity of 	
i/	T of individual Raman
bands to variations in Al/(Al � Si) is not well known. Thus, the
precision of this conclusion cannot be ascertained.

Raman band intensity in spectra of 25°C glass was calibrated
in terms of mol fraction of structural units by combining
Raman and 29Si-NMR spectral data of the glasses (Mysen and
Frantz, 1993; Mysen and Cody, 2001). In this method, the mol
fractions of Q4, Q3, and Q2 structural units, XQ4, XQ3, and XQ2,
are obtained from the equations:

XQ3/XQ2 � 	�Q3/�Q2
 · 	AQ3/AQ2
, (5)

2XQ2 � XQ3 � NBO/T, (6)

and

Table 4. Regression coefficients for temperatur

950 cm�1 band 1050 cm�1 band

a b R a b

NS80A0 969 � 1 �0.027 � 0.002 0.97 1030.2 � 0.8 �0.0202 � 0.000
F3NS80A0 969 � 1 �0.017 � 0.002 0.96 1030.7 � 0.6 �0.0123 � 0.000
NS80A2.5 967 � 1 �0.0117 � 0.0008 0.97 1029.5 � 0.4 �0.0040 � 0.000
F3NS80A2.5 966 � 1 �0.0075 � 0.0006 0.97 1032.6 � 0.3 �0.0077 � 0.000
NS80A5 963 � 1 �0.0101 � 0.0004 0.99 1021 � 1 �0.006 � 0.001
F3NS80A5 965 � 1 �0.003 � 0.001 0.59 1029 � 2 �0.008 � 0.003
NS80A7.5 964 � 1 �0.0014 � 0.0006 0.56 1022 � 1 �0.004 � 0.001
F3NS80A7.5 964 � 1 �0.0026 � 0.0009 0.66 1028.9 � 0.7 �0.006 � 0.001

1000 cm�1 band

a b R a

NS80A10 1002 � 2 �0.012 � 0.002 0.83 1105 � 1

950 cm�1 band 1000 cm�1 band

a b R a b R a

F3NS80A10 929 � 1 �0.001 � 0.002 0.18 1006.0 � 0.3 �0.0027 � 0.0004 0.88 1056.0
XQ4 � XQ3 � XQ2 � 1. (7)
In Eqn. 5, AQ2 and AQ3 are the integrated Raman intensities of
the 950 and 1100 cm�1 bands. The XQ3/XQ2-ratio is from the
29Si-NMR spectra, and the �Q3/�Q2-ratio is the calibration
factor that relates Raman intensity to concentration of structural
units. The NBO/T of the 25°C glasses is obtained from their
29Si-NMR spectra. The mol fraction of Q4 structural units is the
sum of the abundance of the individual Q4(mAl) species from
the 29Si-NMR spectra as summarized above (see also Eqn. 1).

Raman intensity ratios (AQ3/AQ2) were used rather than
absolute Raman intensities because absolute Raman intensities
are intrinsically temperature-dependent (Long, 1977). By using
ratios of intensities of bands from similar vibrations in Q3 and
Q2 structural units (950 and 1100 cm�1 bands), this intrinsic
temperature dependence is likely to be similar so that the
intensity ratio may depend only on the abundance ratio of the
Q3 and Q2 structural units, XQ3/XQ2. This suggestion was
tested by measuring AQ3/AQ2 of glasses as a function of tem-
perature at temperatures below that of the glass transition.
Below the glass transition, the abundance of structural units is
not dependent on temperature (see also Dingwell and Webb,
1990). For the present compositions, AQ3/AQ2 does not vary
with temperature below that of the glass transition within the
uncertaintyof the data, which is similar to observations from
other aluminosilicate glasses (Mysen, 1999; Mysen et al.,
2003). In such a case, the calibration ratio, �Q3/�Q2, is inde-
pendent of temperature and can be applied in Eqn. 5 together
with Eqns. 6 and 7 to compute the abundance of Q4, Q3, and Q2

structural units for each of the compositions as a function of
temperature at temperatures above the glass transition.

Two additional issues require attention before Eqns. 5–7 can
be used to derive the abundance of the structural units from
high-temperature Raman spectra: (1) It is assumed that NBO/T
of F-bearing and F-free glasses does not vary with temperature.
This is likely a good assumption because there is no evidence
for formation or disappearance of structural units or fluoride
complexes, identified in 25°C glasses, as these glasses are
transformed to melts. Further, if the proportion of fluoride

dent frequency of Raman bands, v � a � bT.

1100 cm�1 band 1200 cm�1 band

a b R a b R

1098.4 � 0.4 �0.0070 � 0.0005 0.97 1172 � 3 �0.022 � 0.003 0.89
1094.2 � 0.3 �0.0060 � 0.0004 0.98 1163.3 � 0.8 �0.013 � 0.001 0.97
1092.1 � 0.2 �0.0028 � 0.0002 0.96 1158.0 � 0.6 �0.0050 � 0.0007 0.90
1088.7 � 0.2 �0.0045 � 0.0003 0.97 1155.8 � 0.6 �0.0098 � 0.00008 0.96
1086.7 � 0.2 �0.0033 � 0.0002 0.97 1153.9 � 0.5 �0.0063 � 0.0006 0.95
1085.9 � 0.3 �0.0067 � 0.0002 0.98 1160.5 � 0.5 �0.0151 � 0.0007 0.99
1088.2 � 0.5 �0.0044 � 0.0006 0.89 1161.7 � 0.4 �0.0043 � 0.0005 0.92
1088.5 � 0.6 �0.0064 � 0.0008 0.92 1161.4 � 0.7 �0.009 � 0.001 0.95

cm�1 band 1170 cm�1 band

b R a b R

.016 � 0.002 0.95 1176.1 � 0.9 �0.002 � 0.001 0.98

�1 band 1120 cm�1 band 1200 cm�1 band

b R a b R a b R

001 � 0.0003 0.10 1121.2 � 0.7 �0.0110 � 0.0009 0.96 1194 � 1 �0.017 � 0.001 0.97
e-depen

R

9 0.99
8 0.98
4 0.93
4 0.99

0.78
0.63
0.70
0.88

1120

�0

1100 cm

� 0.3 0.0
complexes, all of which involve interaction with Na and Al



2763Fluorine in silicate melts
from the aluminosilicate network, varied with temperature, this
would most likely result in changes in Al/(Al � Si) of the
aluminosilicate structural units. That, in turn, would likely
cause changes in 	
i/	T. This was not observed. Thus the
assumption that NBO/T does not vary with temperature appears
reasonable. (2) Whereas the Raman spectra indicate that Q2

units are present in the glasses and melts (Figs. 11–13), Q2

units were not detected in the 29Si-NMR spectra for the reasons
discussed above. Their proportions from the Raman spectra
were obtained, therefore, with the aid of 29Si-NMR spectra of
glasses along the join Na2Si3O7-Na2(NaAl)3O7 where Mysen
et al. (2003) reported �Q3/�Q2-ratios as a function of Al/(Al �
Si). These �Q3/�Q2-ratios were used in the present study to
convert integrated Raman intensities to mol fractions of Q3 and
Q2 units with the aid of Eqns. 5 and 6 and the mol fraction of
Q4 units from Eqn. 7. This procedure introduces a small error
because we employ the NBO/T calculated from the 29Si-NMR
spectra of the present glasses based entirely on the abundance
of Q3 units from those spectra (see Figs. 2 and 3; Table 3).
However, a small fraction of the intensity of the Q3 peaks in the
29Si-NMR spectra is actually due to Q2. The difference be-
tween the actual value of NBO/T and the one derived from the
abundance of Q3 species from the 29Si-NMR spectra alone
equals the mol fraction of Q2 units included in the relative
integrated intensity of the peak assigned to Q3-species in the
NMR spectra. Although this error is difficult to determine
accurately, from the abundance of Q3 and Q2 units (see results
of these calculations in Fig. 14) derived with the NBO/T of the
melt from the Q3 abundance from the 29Si-NMR spectra (Table
3) and the �Q3/�Q2-ratios from the Na2Si3O7-Na2(NaAl)3O7

system, the actual NBO/T is probably underestimated by be-
tween 5% and 10% (relative).

The abundance of Q4, Q3, and Q2 species, XQ4, XQ3, and X2,
as a function of temperature is shown in Figure 14 with the
samples from F-free glasses and melts as open symbols and
those from F-bearing samples as closed symbols. In all cases,
there is a temperature interval from room temperature to 400–
600°C (depending on composition), where the concentration of
structural units does not depend on temperature. The tempera-
ture at which unit abundance becomes temperature-dependent,
Tm, probably is near that of the glass transition temperature
(Mysen et al., 2003). For composition NS80A0, for example,
the calorimetric glass transition temperature is 497°C (Knoche
et al., 1994). From the data in Figure 14, the abundance of
structural units in NS80A0 does not depend on temperature
between 25°C and �500°C. Their abundance is temperature-
dependent at higher temperatures.

Above Tm, XQ2 and XQ4 are positively correlated with
temperature, whereas XQ3 decreases (Fig. 14) for both F-free
and F-bearing samples. In other words, the equilibrium con-
stant for equilibrium (4),

K4 � XQ2 · XQ4/	XQ3

2, (8)

increases with temperature (Fig. 15). Linear regression of 1/T
vs. ln K4 through the high-temperature portion (T � Tm) of the
data yields an enthalpy, �H, for equilibrium (4) with values in
the 10–15 kJ/mol range (Table 5). This range is typical for
alkali aluminosilicate melts (Mysen, 2003). Within the uncer-
tainty of the data, there is no evidence to suggest that the

presence of fluorine affects this equilibrium significantly.
4. SOLUTION MECHANISMS AND PROPERTIES
OF F-BEARING SILICATE MELTS

The 19F NMR data of depolymerized, Al-free melts such as
F3NS80A0, are consistent with F forming (Na � F)-bearing
complexes, NF (Figs. 1 and 2). The 29Si-NMR data from F-free
and F-bearing NS80A0 and F3NS80A0 glasses are consistent
with polymerization of the silicate when these NaF complexes
are formed (e.g., Fig. 5). The high-temperature Raman data of
the same glasses and melts (Figs. 12 and 13) indicate that
similar solution mechanisms operate in the melts. Because F
was added to the starting materials as NaF, formation of a
simple NaF complex cannot, however, affect the silicate net-
work. Increased silicate network polymerization (Fig. 9) under
such circumstances requires that some oxygen originally in the
silicate network must be involved in the NF complexes. Several
O/F-ratios in the NF complex are possible, but this ratio cannot
be determined from the NMR or Raman data. For simplicity,
consider the simplest possible such complex, Na3OF to illus-
trate how formation of such a complex causes silicate network
polymerization:

2Q3 � 2Na� � NaFN 2Q4 � Na3OF. (9)

The greater the O/F ratio in such a complex, the more poly-
merization of the silicate network will take place.

The solution mechanism illustrated in Eqn. 9 is in principle
similar to that proposed by Luth (1988b) for F-solution in melts
in the CaO-SiO2-F system where, however, Ca-F bonding
instead of Na-F bonding was the principal form of fluoride
complexing. Similar bonding was observed in mixed Na2O-
CaO-SiO2-F glasses (Stebbins and Zeng, 2000).

In Al-bearing silicate glass, up to a total of four different
types of fluoride complexes, depending on aluminosilicate
composition, were inferred from the 19F and 29Si-NMR spectra.
Raman spectroscopy suggests that there are no major changes
in these complexes when the glasses are transformed to melts.
These four complexes are (1) Na-F(-O) complexes (NF in Figs.
2 and 3), (2) mixed fluorine–oxygen Na-Al-F complexes with
Al in fourfold coordination with corner-shared F (NAF in Figs.
3 and 4), (3) Na-Al-F complexes with Al in sixfold coordina-
tion with F (CF in Figs. 3 and 4). This complex has been
referred to as a cryolite-like (Na3AlF6) complex in existing
literature (Zeng and Stebbins, 2000). (4) Al-F complexes with
Al in sixfold, and possibly also fourfold coordination (TF in
Figs. 3 and 4). This structure has been referred to as a topaz-
like structure [Al2(SiO4)F2] (Schaller et al., 1992) although
possibly with Si in the SiO4 group replaced with Al and
perhaps some of the oxygen replaced with F to form, for
example, a complex resembling Al2(AlO3F)F2. In such a struc-
ture, there may be Al-F bonding with Al in both fourfold and
sixfold coordination with F.

The Al-bearing fluoride complexes (NAF, CF, TF) may be
linked to the aluminosilicate network via bridging oxygen.
Such linkage is consistent with the computational results of Liu
and Tossell (2003). It is also consistent with the positive
correlation between spin-lattice relaxation time, T1, from the
29Si-NMR data and the Al content of the F-bearing glasses
(Fig. 11).

The Na/Al-ratio in complexes with Al-F bonding is not

readily specified. It would seem likely, however, that the Na/
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Fig. 15. Relationship between equilibrium constant for equilibrium (4) in the text, ln K4, as a function of temperature (1/T,
Kelvin) for F-free (open circles marked No F) and F-bearing (closed circles marked 3 mol.% NaF) glasses and melts. 0
mol.% Al2O3 show data for NS80A0 and F3NS80A0 compositions, 2.5 mol.% Al2O3 show data for NS80A2.5 and
F3NS80A2.5 compositions, 5 mol.% Al2O3 show data for NS80A5 and F3NS80A5 compositions, and 7.5 mol.% Al2O3

show data for NS80A7.5 and F3NS80A7.5 compositions.
Fig. 14. Mol fraction of Q2, XQ2, Q3, XQ3, and Q4, XQ4, structural units as a function of temperature for F-free (open
circles marked No F) and F-bearing (closed circles marked 3 mol.% NaF) glasses and melts. 0 mol.% Al2O3 show data for
NS80A0 and F3NS80A0 compositions, 2.5 mol.% Al2O3 show data for NS80A2.5 and F3NS80A2.5 compositions, 5 mol.%
Al2O3 show data for NS80A5 and F3NS80A5 compositions, 7.5 mol.% Al2O3 show data for NS80A7.5 and F3NS80A7.5
compositions, and 10 mol.% Al2O3 show data for NS80A10 and F3NS80A10 compositions. The arrow marked Tm (shown
only in the diagram for compositions with 0 mol.% Al2O3 [NS80A0 and F3NS80A0]) denotes the temperature above which

the abundance of the structural units is dependent on temperature. See detailed discussion of Tm in the text.
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Al-ratio of these complexes decreases as Al/(Al � Si) increases
and Na/Al of the melts decreases. Formation of Na- and Al-
bearing fluoride complexes may cause depolymerization of
aluminosilicate melts because Al3� in tetrahedral coordination
in the aluminosilicate structure reacts with F to form Al-F
bonds. In the process, a proportion of Na� required for charge-
balance of tetrahedrally coordinated Al3� in the aluminosili-
cate structure could become network-modifying, resulting,
therefore, in depolymerization. This proportion of Na� can be
equal to the fraction of Al3� that reacts with F to form Al-F
complexes if there is no Na in these fluoride complexes, but
will be less than this amount if the fluoride complex incorpo-
rates Na, Al, and F.

Only the topaz-like complex, TF, falls in the latter category
(no Na in the fluoride complex). As an example of this type of
fluoride solution behavior, consider the stoichiometry of
NS80A10 (NaAlSi4O10) aluminosilicate composition and a to-
paz-like structure for the fluoride complex with Al3� replacing
Si4� where there is one oxygen bridge from the fluoride com-
plex to the aluminosilicate network [Al2(AlO3F)F2]. A sche-
matic solution mechanism to form such a fluoride complex is:

6NaAlSi4O10 � 3F2O�1 N 2Al2	AlO3
F2 � 6Na� � 4Q3

� Q2 � 19Q4. (10)

In this type of reaction, 1 Na� per Al3� in the aluminosilicate
melt is released to become a network-modifier for each Al3�

transformed from tetrahedral coordination in the aluminosili-
cate structure to form Al2(AlO3)F2. The result is depolymer-
ization of the silicate.

Formation of a cryolite-like complex in aluminosilicate
melts such as that of composition F3NS80A10 may also result
in depolymerization of the aluminosilicate network. Formation
of cryolite-like complexes in aluminosilicate melts was also
inferred from liquidus phase relations in hydrous quartzo-
feldspathic systems (Manning, 1981; Manning et al., 1980).
Whether this complex exists as Na3AlF6, or involves oxygen
bridging to the aluminosilicate network [e.g., Na(Na3AlF5O),
Na2(Na3AlF4O2) and so forth] is not certain (but consistent
with the data) because increasing O/F in this complex causes
only a few ppm deshielding of the 19F nucleus (Liu and Tossell,
2003). For simplicity, we will refer to this complex as Na3AlF6,
but this is not meant to imply that oxygen-bearing formulations
may also be consistent with the NMR data.

Depolymerization of the aluminosilicate by formation of
cryolite-like complexes in the melt may take place because

Table 5. Regression coefficients for the expression in K4 � a � b/T
for data at T � Tm in Figure 15.

Composition a b �H (kJ/mol) R2

NS80A0 �0.55 � 0.4 1419 � 48 11.8 � 0.4 0.99
F3NS80A0 �0.2 � 0.1 �1361 � 106 11.3 � 0.9 0.96
NS80A2.5 0.7 � 0.1 �1871 � 130 15.5 � 1.1 0.96
F3NS80A2.5 1.0 � 0.1 �1897 � 154 15.8 � 1.3 0.96
NS80A5 1.00 � 0.07 �1524 � 75 12.7 � 0.6 0.97
F3NS80A5 1.2 � 0.1 �1729 � 136 14.4 � 1.1 0.96
NS80A7.5 2.2 � 0.2 �1883 � 220 15.6 � 1.8 0.90
F3NS80A7.5 1.6 � 0.2 �1100 � 226 9.1 � 1.9 0.89
Na/Al differs from 1 in the cryolite stoichiometry. In meta-
aluminosilicates (nominally fully polymerized melts) Na/Al �
1. For example, for each mol of Na3AlF6, 2Na� in excess of
that needed to charge-balance Al3� in tetrahedral coordination
in the aluminosilicate are needed. As a result, some Al3� may
no longer have Na� available for charge-balance in tetrahedral
coordination.

Whether or not the Al3� without Na-charge-balance remains
in tetrahedral coordination or is transformed to a network-
modifier, is not clear as existing structural data of peraluminous
aluminosilicate melts and glasses are not conclusive. Mass-
balance of the oxygen budget in such melts suggests that the
formation of an Na3AlF6 complex also involves formation of
depolymerized Qn-species with n � 3 as illustrated with the
F3NS80A10 composition (see also Manning et al., 1980):

3NaAlSi4O10 � 3F2O�1 N Na3AlF6 � 2Al3� � 6Q3 � 6Q4.

(11)

Equivalent expressions could be written for mixed (O,F)-com-
plexes such as Na(Na3AlF5O), for example.

Although formation of cryolite-like complexes in melts near
meta-aluminosilicate composition results in depolymerization
of the aluminosilicate network, in peralkaline aluminosilicate
melts with (Na-Al) � 2/3Na3AlF6, formation of cryolite-like
complexes could actually result in polymerization of the alu-
minosilicate. Consider, for example, a melt composition with
50 mol.% NS80A10 (NaAlSi4O10) and 50 mol.% NS80A0
(Na2Si4O9). Such a composition is equivalent to NS80A5.
Solution of F in such a melt to form a complex of Na3AlF6

stoichiometry can be expressed as:

NaAlSi4O10 � Na2Si4O9 � 3F2O�1 N Na3AlF6 � 8Q4. (12)

Equation 12 illustrates that solution of F to form Al-F com-
plexes in peralkaline aluminosilicate melts can, in fact, result in
aluminosilicate melt polymerization. This is because some of
the network-modifying Na� is scavenged from the alumino-
silicate to form cryolite-like complexes in a manner conceptu-
ally similar to NaF complexing discussed above.

5. SUMMARY

In summary, solution mechanisms of F in aluminosilicate
melts depend significantly on silicate melt composition. Mul-
tiple F-complexes can form. Their effect on the aluminosilicate
melt structure depends primarily on the type of F-complex, the
Al-content and Na/Al-ratio of the melt.

Transport properties of silicate melts are sensitive to melt
structure (Bockris et al., 1956; Riebling, 1966; Luth, 1988a,b;
Neuville and Richet, 1991; Toplis and Dingwell, 1996). Several
wt.% F reduces the viscosity of felsic aluminosilicate melts
such as, for example, NaAlSi3O8, by several orders of magni-
tude and in this regard resembles the effect of H2O (Dingwell
et al., 1985). In contrast, the viscosity of depolymerized melts
such as CaMgSi2O6 is barely affected by dissolved fluorine
(Dingwell, 1989). These observations are consistent with flu-
orine solution mechanisms in silicate melts being composition-
dependent (Carroll and Webster, 1994). In highly polymerized
aluminosilicate melts, dissolved fluorine breaks bridging oxy-
gen bonds, thus causing depolymerization and decreased vis-

cosity as well as probably an increase in values of other
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transport properties such as diffusivity and conductivity. The
magnitude of any of these effects of dissolved F is likely to
decrease as a melt becomes increasingly depolymerized be-
cause increasing depolymerization results in decreasing effects
on melt structure of dissolved fluorine.

Solution of fluorine in silicate melts results in liquidus tem-
perature depression. However, the extent of this temperature
depression depends on the composition of the silicate melts.
For highly polymerized melts such as NaAlSi3O8 it can be as
much as 200–300°C, whereas for depolymerized materials
such as, for example, CaMgSi2O6, the liquidus temperature
depression is on the order of 100°C for F-saturated melts
(Wyllie and Tuttle, 1961; van Groos and Wyllie, 1967; Luth,
1988a). It is likely that these differences result from different
solution behavior of F in the melt. For highly polymerized
aluminosilicate melts, the dissolved F results in significant
structural changes of the aluminosilicate network (i.e., Eqns.
11–12). In depolymerized melts such as CaMgSi2O6, for ex-
ample, formation of simple, perhaps isolated fluorine-clusters
has a lesser effect on the melt structure and, therefore, causes
less of a liquidus temperature depression.

Fluorine in silicate melts also tends to cause changes in
liquidus phase relations. For example, the liquidus volumes of
depolymerized silicates tend to expand relative to more poly-
merized materials (e.g., olivine vs. pyroxene and pyroxene vs.
silica phases or plagioclase) (Foley et al., 1986; Luth 1988a).
Depolymerization of silicate melts is coupled with a decrease in
silica activity. Thus for melt compositions where solution of
fluorine causes melt depolymerization (i.e., highly polymerized
aluminosilicate melts), these changes in liquidus phase rela-
tions would be expected. Furthermore, in haplogranitic melt
systems (feldspar � quartz), the liquidus volumes of feldspar
phases shrink relative to that of quartz as fluorine is added to
the melt (Manning, 1981; Manning et al., 1980). This obser-
vation is consistent with the formation of alkali-Al-F-com-
plexes (e.g., Eqns. 10–12) in such melts thus reducing the
activity of alkali aluminosilicate minerals such as feldspar.
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