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Phosphate speciation in potassium aluminosilicate glasses
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ABSTRACT

Parallel- and perpendicular-polarized Raman, MAS, and static >P NMR spectra were
collected to investigate phosphate speciation in potassium aluminosilicate glasses. Phos-
phate speciation is critically dependent on the K/(K + Al) (K¥*) ratio. In peralkaline melts
(K* = 0.75), a series of high-frequency Raman bands are assigned to phosphate structural
units of different degrees of polymerization (from monomer to dimer). The 3P NMR
spectra confirm the assignments. The MAS and static 3'P NMR spectra indicate that P
resides in an AIPO,-type environment outside the tetrahedra (Si0O,)-K(AlO,) network in
peraluminous melts (K* = 0.35). AIOP bonds (AIPO, type) and KOP bonds (KPO, type)
form the dominant structural units in subaluminous melts (K* = 0.5).

INTRODUCTION

Homogeneous redox equilibria and heterogeneous phase
equilibria experiments demonstrate that the alkali-Al ra-
tio is one of the most significant chemical parameters
controlling the solution properties of highly charged cat-
ions in silica-rich melts (Gwinn and Hess, 1989; Ellison
and Hess, 1988; Dickenson and Hess, 1981, 1986; Mon-
tel, 1986; Naski and Hess, 1985; Dickinson and Hess,
1985; Watson, 1979). Alkalis in molar excess of Al,O,,
for example, sharply lower the activity coefficients of ZrQ,,
TiO,, Sn0,, Fe,0,, and P,O, in both dry and H.O-satu-
rated rhyolite melts. Moreover, this peralkaline effect
surely reduces activity coeflicients of Nb,O;, As,O., CrO,,
and MoQ;: Raman spectra of alkali silicate glasses doped
with these oxides indicate that these oxides form strong
complexes with alkalis and largely reside outside the sil-
icate network (Ellison and Hess, 1989; Nelson et al., 1983;
Verwei), 1981; Brawer and White, 1977).

In addition, certain components also show a peralu-
minous effect wherein the activity coefficient of a high
field-strength cation is lowered in melis with ALO,/K,O
(molar) greater than unity. This was demonstrated to be
true for P by measuring the solubility of LaPO, (monazite
structure) in (K,0,Al,0,)-4Si0, melts with varying K/Al
ratios (Ellison and Hess, 1988). The solubility of LaPO,
is lowest in subaluminous compositions (K = Al moles)
and increases with either an increasing or a decreasing
K/Al ratio. Clearly, the existence of a peraluminous and
peralkaline effect in P,O;-bearing silicate melts implies a
complex solution behavior of P.

This has obvious implications in the geochemical evo-
lution of natural magmas. For example, the high P,O,
contents of certain pegmatites relative to high silica rhy-
olites may be a consequence of the peraluminous com-
position of pegmatite (London, 1987). Also, crystal-lig-
uid distribution coefficients for rare earth elements in
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metaluminous melts are sensitive to the P,O, content
(Ryerson and Hess, 1978). Redox ratios are also impact-
ed: the addition of P,0; to granitic melts decreases the
Fe?t/Fe** redox ratio in peraluminous melts but increases
it in others (Gwinn and Hess, 1992; Dickenson and Hess,
1983). Small amounts of P,O, lower the liquidus tem-
perature of H,O-saturated granitic melts (Wyllie and Tut-
tle, 1964) but widen the two liquid solvus in the leucite-
fayalite-silica system (Visser and Koster van Groos, 1979;
Watson, 1976). The solubility of phosphate is greatest in
ultramafic melts and least in granitic melts under iden-
tical temperatures and pressures (Dickinson and Hess,
1983: Watson, 1979). It is imperative, therefore, to un-
derstand the structural role of P,O; in silicate melts over
a wide range of chemical and physical conditions. The
purpose of this paper is to determine the homogeneous
equilibria of P in anhydrous peralkaline and in subalu-
minous and peraluminous granitic melts, using a com-
bination of Raman and NMR spectroscopy to analyze
rapidly quenched P,O;-bearing glasses in the system SiO,-
AlLO-K,0.

GLASS PREPARATION AND EXPERIMENTAL METHODS

Glass compositions were synthesized in three different
regions of the 80 mol% SiO, isopleth in the Si0,-Al,O,-
K,O system (Table 1, Fig. 1), i.e., peralkaline [K* = K,0/
(K, O + ALO,) molar > 0.5] with K* in excess of Al’*,
peraluminous (K* < 0.5) with AI** in excess of K+, and
subaluminous (K* = 0.5) with equal amounts of K* and
A3+ cations. K* values 0f 0.75, 0.5, and 0.35 were chosen
as representative for each region, and P,O, contents var-
ied from O to 8 mol% in peraluminous and subaluminous
glasses and from 0 to about 3 mol% in peralkaline glasses.
The low P,O; contents of the peralkaline glasses are lim-
ited by crystallization and phase separation.

Most of the glasses were prepared by the Corning Glass
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SiO,
$i0,80%
Al,0, 0.35 0.5 0.75 K,0
K*=K,0/ (K0 + Al,0)
Fig. 1. Triangular plot of the glass compositions. All the points

stand along 80 mol% SiO, isopleth.

Works. Batches of 500 g each were made by mixing ap-
propriate ratios of reagent grade carbonate and oxides,
then melted for 4-6 h at 1650-1800 °C. Melts were then
quenched by rapidly pouring them into a cold steel plate.
The glass of sample P3 was melted at 1550 °C and
quenched in cold H,O at Brown University.

In order to test the chemical compositions and ho-
mogeneity of the glasses, electron microprobe analyses
were performed at Brown University with a Cameca Ca-
mebax (TM) electron microprobe, using a 15-kV accel-
erating potential, 10-nA beam current, and 25-um beam
diameter. Si, Al, K, and P were counted for 10 s each.
Table 1 shows glass compositions determined by electron
microprobe. K loss occurred in some samples during
melting, but the compositions are still very close to the
nominal values. The glasses were homogeneous in the
scale of microprobe beam and free of crystals by XRD.

Raman spectra of glasses were collected with a Spex
1403 double monochrometer using the green light (514.5
nm) of a Spectra-Physics 263 Ar* laser. Entrance and exit
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spectral slit widths were adjusted to give a 3-cm™! reso-
lution. Parallel-polarized (HH) and perpendicular-polar-
ized (HV) Raman spectra were obtained by rotating an
analyzer placed between the sample and entrance port
without varying sample position and laser intensity. In-
dividual scans were collected at 2-cm™' increments for
scan times of 1 s/increment. A total of 20-70 scans were
collected sequentially and summed together. All the spec-
tra were then normalized to represent a sum of 45 scans.
Each corresponding HH and HV spectrum has the same
intensity at 1450 cm~! because the background intensity
of 1450 cm™! is subtracted from each. Raman spectra of
several crystalline potassium phosphates were collected
from their powders in capillary tubes.

Most of the static and MAS 3'P NMR spectra were
gathered on a Bruker MSL-300 spectrometer witha 7.1-T
cryomagnet at Brown University. The resonance frequen-
cy is 121.5 MHz and the spinning rate is 5.0 KHz for
MAS NMR. Pulses of 5.9 us with a repetition time of
15-20 s and a delay time of 10-15 us were used as the
acquisition parameters. The static and MAS P NMR
spectrum of sample P3 was collected at the University of
Illinois. The resonance frequency is 145.6 MHz and the
spinning rate is 9.5 KHz for MAS NMR. An 85% aque-
ous solution of H,PO, served as the *'P spectrum refer-
ence. The increasing positive chemical shift corresponds
to deshielded values. Figures showing stacked spectra in
this paper (both Raman and NMR spectra) are drawn to
show as many features as possible. Therefore, the inten-
sity scales vary from sample to sample, and the compar-
isons are only valid within the same sample.

RAMAN SPECTRA
The peralkaline glasses

Raman spectra of peralkaline glasses (nominal K* =
0.75) are given in Figure 2. For convenience, the spectra
are divided into three separate regions: the high-frequen-
cy region above 800 cm~!, the midfrequency region be-
tween 500 and 800 cm~', and the low-frequency region
below 500 cm".

In the high-frequency region (>800 cm™'), P-free po-
tassium aluminosilicate glass has a polarized band at 1090
cm™! and a noticeable shoulder near 1150 cm~! (see also
Domine and Piriou, 1986). This is very similar to the

TasLe 1. Chemical compositions of the glasses

Sio, AlLO, K,O P05 Sio, ALO, KO P,O,
Samples K* (Wi%) (Wt%) (Wt%) (wi%) (mol%) {mol%) (moi%) (mol%)
P-3 0.78 69.2 5.7 19.7 5.4 791 3.9 14.4 2.6
P-9 0.73 69.9 7.4 19.2 3.5 79.5 4.9 13.9 1.7
P-11 0.68 715 9.8 19.2 0.0 79.9 6.5 13.7 0.0
P-6 0.34 59.9 17.3 8.1 15.5 73.2 125 6.3 8.0
P-7 0.33 66.0 18.5 8.5 7.9 7741 127 6.3 3.9
P-12 0.29 65.7 226 8.7 41 76.1 15.4 6.5 2.0
P-8 0.33 71.5 20.6 9.2 0.0 79.9 13.6 6.5 0.0
P-4 0.48 60.6 13.2 11.4 15.0 73.9 9.5 89 7.7
P-5 0.49 65.3 14.4 12.6 8.0 76.7 9.9 9.4 4.0
P-13 0.49 68.9 15.0 13.2 3.4 78.6 10.1 9.6 1.7
P-10 0.50 70.1 15.8 14.7 0.0 79.0 10.5 10.6 0.0
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Raman Shifts (cm™

Fig. 2. The Raman spectra of peralkaline glasses. Top line is
HH, bottom line is HV spectrum for each sample: P11 (P,O; =
0%), P9 (P,O, = 1.7%), P3 (P,O, = 2.6%).

high-frequency bands in the spectra of K,0-nSiO, glasses
with n > 2 (Matson et al., 1983). The 1090-cm~' and
1150-cm! bands are present also in the spectra of P,O;-
bearing glasses, but their intensities relative to the 490-
cm~! bands decrease with increasing P,O,. In addition,
two strongly polarized bands of roughly equal intensity
appear at 964 and 1008 cm™' in the glass with 1.7 mol%
P,O,. The 1008-cm~! band becomes more intense than
the 964-cm~! band in glasses with 2.6 mol% P,O;.

The P-free glass has two bands in the midfrequency
region: a weak, narrow polarized band at 588 cm ! and a
broad partially depolarized weak band around 770 cm™'.
The 1.7-mol% and 2.6-mol% P,0O; glasses have a weak
broad new band at 708 cm! of the HH spectrum.

In the low-frequency region (<500 cm™'), the P,O,-free
glass has a broad band at 490 cm~! and a shoulder around
392 cm! (see also Domine and Piriou, 1986). The 490-
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Fig. 3. The Raman spectra of peraluminous glasses. Samples
P8 (P,O, = 0%), P12 (P,O; = 2%), P7 (P,0O, = 3.9%), P6 (P,O;
= 8%).

cm~! band loses intensity with respect to the band deve-
loping around 450 cm™! in glasses with increasing P,O;
concentration.

The peraluminous glasses

The P,O;-free glass has two intense bands at 474 and
436 cm™!, two weak bands at 590 and 786 cm !, and two
broad, partially depolarized bands at 1030 and 1128 cm~!
(Fig. 3). With increasing P,O;, a relatively strong polar-
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Fig. 4. The Raman spectra of subaluminous glasses. Samples
P10 (PO, = 0%), P13 (P,0O, = 1.7%), P5 (P,O; = 4%), P4 (PO,
= 7.7%).

ized band at 1110 cm~! replaces the two partially depo-
larized bands at 1030 and 1128 cm~!. A new broad po-
larized band around 290 cm! grows in the low frequency
region, and the intensity of the 474-cm~! band increases
relative to the 436-cm! band.

The subaluminous glasses

The Raman spectrum of the P-free subaluminous glass
is similar to its peraluminous counterpart (Fig. 4). The
most significant differences are the lower intensity of the
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Fig. 5. The *P MAS NMR spectra of peralkaline glasses.

Samples P9 (P,O; = 1.7%), P3 (P,O; = 2.6%).

454-cm~! band relative to the 482-cm~' band and a more
noticeable band at 570 cm~'. As P,O; increases, a strong
polarized band grows at 1088 cm-!.

THE 3P MAS NMR SPECTRA

The *'P MAS NMR spectra for peralkaline, peralumi-
nous, and subaluminous glasses are illustrated in Figures
5, 6, and 7, respectively. The two peralkaline glasses have
an intense peak near 0 ppm (0.4 to —2 ppm) and a shoul-
der near —11 ppm (—10.3 to —11.3 ppm). The peralu-
minous glasses have only one peak near —27 ppm. The
chemical shift is not strongly influenced by P,O; content.
The spectra of the subaluminous glasses have only one
peak, at about —20 to —22 ppm. The static NMR spectra
are shown in Figures 8, 9, and 10 for the glasses within
different K* regions and will be described and analyzed
in the section discussing band assignment.

RaMAN AND 3P MAS NMR SPECTRA OF
CRYSTALLINE PHOSPHATES

Band assignments in the Raman and NMR spectra of
glasses typically rely upon comparisons with the spectra
of crystals of similar composition (c.g., Brawer and White,
1975; Dupree et al., 1988a). A number of observations
suggests that certain high-frequency vibrational modes of
silicate glasses, and glass in general, are highly localized,
which in turn suggest that the high-frequency vibrational
spectra of crystals and their corresponding glasses reflect
the existence of similar structural units. The reader is
referred to the papers of Brawer and White (1975), Fu-



GAN AND HESS: PHOSPHATE SPECIATION IN GLASSES

273
P6 (P,0, = 8%)
29
P7 (F’ZO5 = 3.9%)
264 S
P12 (P.O_=2%)
25
| 4 I | 1 " | IO T Y R Aot & PRITEN PR UTE  |
-200 -150 -100 -50 0 50 100 150 200

Chemical Shifts (ppm)

Fig. 6. The »'P MAS NMR spectra of peraluminous glasses.
Samples P12 (P,O; = 2%), P7 (P,O; = 3.9%), P6 (P,O, = 8%).

rukawa et al. (1981), McMillan (1984), Dowty (1987),
and Tallant and Nelson (1986) for comprehensive dis-
cussions of these questions. Low-frequency vibration
modes, however, appear to be delocalized and present
some difficulties in band assignment, since the nature of
the vibrations responsible for these bands is not well un-
derstood. Systematic and detailed comparison of the
spectra of series interrelated glasses suggests that even the
low-frequency bands, however, are useful in identifying
important structural features of glasses. More complete
analyses of the low-frequency spectra are found in Mat-
son et al. (1983), McMillan (1984), Mysen et al. (1985),
and Domine and Piriou (1986).

The basic principle used in interpreting NMR chemical
shifts is that the shielding of a given nuclei increases with
the increasing ionicity of the bonds that the cation makes
with nearest-neighbor O (Kirkpatrick, 1988). The chem-
ical shift is also a function of the electron redistribution
in these bonds caused by changes in next-nearest neigh-
bors. These changes, however, are much smaller than
those due to the primary coordination polyhedron. The
application of MAS NMR to glasses, in general, has been
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Fig. 7. The *'P MAS NMR spectra of subaluminous glasses.
Samples P5 (P,O; = 4%), P4 (P,O, = 7.7%).

reviewed by Kirkpatrick et al. (1986). Dupree et al. (1988a,
1988b, 1989) provide MAS NMR spectra of various
phosphate-bearing glasses, as well as the spectra of some
of their corresponding crystals.

In order to identify the Raman bands that are associ-
ated with P-O vibrations, spectra of three crystalline po-
tassium phosphates were collected (Fig. 11). These in-
clude potassium orthophosphate (K,PO,), potassium
pyrophosphate (K,P,0,), and potassium metaphosphate
(KPO,). These compounds are listed in order of increas-
ing polymerization of the PO, tetrahedron, i.e., from the
monomer to dimer to infinite chain. They contain P?, P!,
and P2 phosphate tetrahedra, respectively, where the P~
notation identifies the number of POP (bridging) bonds
per phosphate tetrahedron. The Raman spectra of crys-
talline phosphates show the following significant features:
(1) The most intense peak in the high-frequency regions
moves toward higher frequency with an increasing degree
of polymerization of the phosphate tetrahedra. These
peaks reflect the symmetric vibration of the KOP non-
bridging bond (Tallant and Nelson, 1986). (2) The mod-
erately intense peak near 700 cm~! exists only in the di-
mer and more polymerized phosphates and is absent for
the orthophosphate spectrum. This peak probably rep-
resents the symmetric vibration of the POP bridging bond
(Tallant and Nelson, 1986).

The *'P MAS NMR chemical shifts of these phosphates
obtained from the literature are listed in Table 2. The
chemical shifts are more shielded with increasing degrees
of polymerization of the phosphate. Chemical shifts of
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Fig. 8. The *'P static NMR spectra of peralkaline glasses.
Samples P9 (PO, = 1.7%), P3 (P,O, = 2.6%).

AIPQO, and SiP,0, are also given in the same table, and
other relevant phosphates will be cited in the text.

BAND ASSIGNMENTS
Bands in the peralkaline glasses

The most intense high-frequency Raman band (1090
cm™') in the P,0O;-free glass is assigned to the symmetric
stretching vibration of nonbridging O of Q3 [generally, Q*
notation identifies the number (1) of SiOSi bridging bonds
per silicate tetrahedron] and the intense low-frequency
band (490 cm™) is assigned to the delocalized vibrations
of the polymerized aluminosilicate network (Brawer and
White, 1975; Virgo et al., 1980; Matson et al., 1983; Mc-
Millan, 1984). The bands near 704 and 1014 cm~! gain
intensity with increasing P,O,. These bands match the
715-cm™! and 1015-cm~! bands of the Raman spectra of
crystalline pyrophosphate (Fig. 11), and therefore are as-
signed to pyrophosphate-type structural units in the melts.
The band near 966 cm~! exists only in P,O;-bearing glass-
es but loses intensity with increasing P,O;. The 966-cm~!
band is close to the intense 923-cm! band of crystalline
orthophosphate (Fig. 11), although it is about 40 cm™!
higher. Nelson and Tallant (1984) observed a 940-cm~!
band in their Na,0-P,0,-Si0, glasses that has the same
wavenumber as the intense high-frequency band in crys-
talline Na,PO,. This band also loses intensity with in-
creasing P,O; content of the glass, as observed in our
glasses. A 957-cm~! band coexists with the 1010-cm™!
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Fig. 9. The *'P static NMR spectra of peraluminous glasses.
Samples P12 (P,O; = 2%), P7 (P,O; = 3.9%), P6 (P,O, = 8%).

band in the Raman spectrum of the glass, where both
orthophosphate and pyrophosphate species are identified
by means of 3'P MAS NMR spectroscopy (Dupree et al.,
1988a; see Fig. 12 and analysis in the NMR section be-
low). The 964-cm~! band, therefore, is assigned to the
symmetric stretching vibration of nonbridging O (P%) or
orthophosphate tetrahedra.

The *'P MAS NMR spectra only partially confirm the
species we have identified in the Raman spectra of per-
alkaline glasses. The major peak observed in the 1.7-mol%
and 2.6-mol% P,0; glasses is close to the chemical shift
of crystalline potassium pyrophosphate (—1.1 ppm, see
Table 2). A small bump at —11 ppm coexists with —1.1
ppm peak in each of the two glasses. Its assignment will
be discussed below. No chemical shifts corresponding to
orthophosphate were observed.

The static *P NMR spectra were analyzed using the
spectra of crystalline alkali phosphates (Duncan and
Douglass, 1984). The 1.7-mol% and 2.6-mol% P,O,
glasses have an axial symmetry powder pattern (Harris,
1983) almost identical to that of crystalline K,P,O, (Dun-
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Fig. 10. The >'P static NMR spectra of subaluminous glasses.
Samples P5 (P,O, = 4%), P4 (P,O; = 7.7%).

can and Douglass, 1984) and that is consistent with the
inferences from Raman and MAS 3'P NMR. A weak peak
at 1.6 ppm occurs in both glasses but has a slightly greater
intensity in the 2.6-mol% P,O; glass. This peak overlaps
the axial symmetry powder pattern of K,P,0, and seems
related to the —11 ppm shoulder in MAS 3'P NMR of
the same glasses. The MAS *'P NMR spectra suggest that
this P site (—11 ppm) is shielded more than that in py-
rophosphate and is probably a chainlike phosphate spe-
cies (Kirkpatrick, 1988; Dupree et al., 1989). The abun-
dance of this species must be low, since its Raman band
is buried under the strong KOSi(Q?% band near 1100-
1150 cm~!. Nevertheless, it is clear that the static NMR
profile of the 1.7-mol% and 2.6-mol% P,O; glass is dom-
inated by pyrophosphate species.

It is interesting to note that there is no 3'P chemical
shift indicative of potassium orthophosphate in either the
MAS or static NMR spectra. Yet the existence of this
species in low P,O; glasses is indicated by the 964-cm™!
Raman band. Since phosphate species have a strong scat-
tering coeflicient (Nelson and Tallant, 1984), it is possible
for Raman spectra to show a much stronger signature of

TasLE 2. MAS 3P NMR chemical shifts of crystals
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Fig. 11. The Raman spectra of crystalline potassium phos-
phates. Among them are orthophosphate (K,PO,), pyrophos-
phate (K,P,0,), and metaphosphate (KPO,).

orthophosphate than the *'P MAS NMR. To check this
possibility, we collected the Raman spectrum of a P-bear-
ing high potassium silicate glass from which Dupree et
al. (1988a) obtained only a very weak orthophosphate
and a very intense pyrophosphate chemical shift (Fig. 12).

KsPO, K,P.O;, KsP301o

KPO, AIPO, SiP,0, P00

nr -1 -1.2, -4, -19*

-18.5, —19*

—25.3f1 —46%

* Grimmer and Haubenreisser (1983).
** Duncan and Douglass (1984).

+ Bieam et al. (1989).

} Dupree et al. (1989).
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Fig. 12. The Raman spectrum of 32K,0-5P,0;-638S10, glass.

The Raman spectrum of the glass, nevertheless, shows a
strong orthophosphate band at 957 cm™! and a pyro-
phosphate band of slightly higher intensity at 1010 cm!
(The 989-cm~! band [KOSi(Q?)] probably enhances the
apparent intensity of 1010-cm~! band). It seems that the
proportion of orthophosphate species is greatly exagger-
ated in the Raman spectrum of the glass. Since the con-
centration of K,O and P,O; is much lower in our glasses
than in those of Dupree et al., it is not extraordinary that
the chemical shift for potassium orthophosphate species
is absent or is concealed by the neighboring strong py-
rophosphate peak. Although orthophosphate is only a
minor species in these glasses, it is quite likely the dom-
inant phosphate species at lower P concentrations (Du-
pree et al., 1988a).

Bands in the peraluminous glasses

The Raman spectrum of the P-free peraluminous glass
is almost identical to those of SiO,-Al,O, (McMillan and
Piriou, 1982). The addition of Al,O, to SiO, glass and
presumably the exchange of ALO, for K,O in a subalu-
minous glass result in the development of a weak band
near 1100 cm™' and a loss of intensity of the sharp 480-
cm~! band relative to the 450-cm~' band, which are be-
lieved to reflect the vibration of =SiOAl units (McMillan
and Piriou, 1982).

P,O;-bearing glasses have two broad polarized bands
at 1110 and 294 cm~! that are not observed in the spectra
of P,O;-free peraluminous glass (note that 1128-cm~' band
in P,O,-free glass is partially depolarized). The spectrum
is compatible with a glass structure containing tetrahe-
drally coordinated AIPO, species. The dominant high-
frequency band at 1108 cm™' is observed in the spectra
of crystalline AIPO, (berlinite) and in AIPO,-SiO, glass
(Kosinski et al., 1988). Moreover, the 294-cm~! band
is matched by a band near 300 cm™' in the spectra of
AIPO,-Si0O, glasses. A shoulder near 1200 cm™! is ob-
served also in the spectra of AIPO,-SiO, glasses and as a
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weak band in berlinite (Kosinski et al., 1988). It is clear,
therefore, that AIOP bonds similar to those in crystalline
AIPO, characterize the peraluminous glasses.

The MAS and static *'P NMR spectra confirm these
assignments. Both spectra show single peaks from around
—27 ppm (MAS) to around —28 ppm (static), consistent
with the MAS of berlinite (—25 ppm) and the static spec-
tra of amorphous AIPO, (—28 ppm). A shielding tensor
of cubic symmetry is indicated by the static NMR powder
pattern, in agreement with the cubic symmetric shielding
tensor observed in crystalline and amorphous AIPO,
(Kosinski et al., 1988).

Bands in the subaluminous glasses

The Raman spectrum of the P,O,-free subaluminous
glass is similar to that of vitreous silica. The major dif-
ferences in the Raman spectra between SiO,-KAIO, and
Si0, systems are the appearance of high-frequency bands
caused by the vibration of SiOALl species and loss of in-
tensity of the 450-cm~! band relative to the 490-cm™!
band. The last two bands reflect the symmetrical stretch
of the bridging O atom in SiOSi and SiO*Al bonds, re-
spectively (McMillan et al., 1982). The KOSi(Q?) band is
not observed. Therefore all K+ act as charge-balancing
cations for the SiO™Al bonds. The addition of P increases
the intensity of the 450-cm~' band (SiOSi) relative to the
490-cm~! band (SiO™Al) and produces a new band around
1090 cm™'. The band near 1090 cm~' has two possible
origins: AIPO, and KOSi(Q*) both have major bands at
this frequency. The increasing intensity of the 450-cm™!
band indicates the development of a Q*-type SiOSi net-
work that argues against the KOSi(Q?) assignment. Al-
though there is no general agreement in the assignment
of low-frequency Raman bands because of the delocal-
ized nature of these vibrations, the consistent change of
the low-frequency vibration envelope with chemical
composition indicates that a gain in intensity of the 450-
cm! band reflects the increasing degree of polymeriza-
tion of the aluminosilicate network (Matson et al., 1983).
This leaves AIPO, as the species responsible for the high-
frequency band at 1088 cm~'. Since alumina are incor-
porated in the aluminosilicate network together with K,
the formation of AIOP bonds (AIPO, type) requires the
breakdown of KOMAI bonds. This reaction is supported
by the decreasing intensity of the 490-cm~! band that is
interpreted to be due to symmetrical stretching vibration
of SiO“ALl bonds in the silica-rich network (McMillan et
al., 1982). The broad envelope from 1100 to 1250 cm™!
is difficult to interpret. Berlinite (AIPO,) has a weak band
at 1220 cm!, and the AIPO,-bearing peraluminous glass-
es have a broad band near this frequency (Kosinski et al.,
1988). Thus, some of the intensity of the 1250-cm~! band
may be caused by an AIPO, species. Crystalline KPO,
has a major band near 1153 cm~! and may also contribute
energy in this range. The formation of KOP bonds is, in
fact, required by mass balance to accommodate the K
released from broken KOMAI bonds (see the discussion
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section). It is concluded, therefore, that both AIPO, and
potassium phosphate chains coexist in P-bearing subalu-
minous glasses. Additional evidence in support of this
interpretation is given below.

The MAS 3'P NMR isotropic chemical shifts (—20 to
—22 ppm) exclude the existence of SiP,O,-type and P,O,,-
type species that have chemical shifts near —35 and —46
ppm, respectively (Table 2). No *P MAS NMR data are
available for MSiOP-type species in glasses. However the
lower coordination number of the Si atom tends to in-
crease its bond order, which will in turn cause more
shielding to *'P nuclei (more negative in this case). There-
fore, it is very unlikely that —20 ppm chemical shifts are
caused by “ISiOP-type structural units. This implies that
KOM"ALI bonds have to be broken to form new P-bearing
species. The —20 to —22 ppm peaks are within the range
of the chemical shift of KPO, (—19 ppm, Duncan and
Douglass, 1984) and AIPO, (—25 ppm, Bleam et al.,
1989). The FWHH of the —20 to —22 ppm peak is about
16 ppm, which could cover both the —19 and —25 ppm
peaks. Thus, it is possible that the isotropic chemical shifts
from KPO,-type and AIPO,-type structural units are
combined into a single broad peak.

Molecules with similar isotropic chemical shifts could
have a distinct symmetry of shielding tensors that appear
different in the static 3'P NMR powder patterns. The stat-
ic >'P NMR spectra of the 4 and 8% P,O; glasses have a
prominent low-symmetry powder pattern that is very
similar to that of (NaPO,)x (— 148, 16, and 90 ppm; Dun-
can and Douglass, 1984). A strong shoulder around —29
ppm falls within the range of the AIPO, chemical shift.
The static 3'P NMR of AIPO, in peraluminous glasses
(Fig. 9) shows a single, isotropic, symmetrical peak at
about —27 to —30 ppm. Therefore, the static 3'P NMR
spectra can be modeled by combining the powder pat-
terns of the shielding tensors of cubic symmetry (AIPO,)
and nonaxial symmetry (KPO,), as deduced from MAS
3P NMR.

DISCUSSION

Solution model

The structure of the P-free peralkaline glass is relatively
well understood. The role of K is that of a charge-bal-
ancing cation for AlO, tetrahedra and as a network-mod-
ifying cation for KOSi(Q?) tetrahedra. The silicate net-
work is a solution of copolymerizing Q?* and Q* silicate
tetrahedra and charge-balanced AlO, tetrahedra (Engel-
hardt et al., 1985; Kirkpatrick et al., 1986; Domine and
Piriou, 1986; McMillan et al., 1982; Mysen et al., 1981a).
The addition of P causes significant modifications to the
glass structure. P enters as variously polymerized phos-
phate tetrahedra using K as a network-modifying cation.
The speciation of the potassium phosphates is controlled
by the ratio of excess K (i.e., K in excess of that needed
to charge balance the AlO, tetrahedra) over P; the lower
the ratio, the more polymerized the phosphate species.
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Thus, phosphates exist first a monomers, then dimers,
and then probably small chains as the P concentration is
increased. In the process, P strips network-modifying K
from KOSi(Q?) species, resulting in a higher state of po-
lymerization of the aluminosilicate network. The in-
creased degree of polymerization with increasing P,O; in
peralkaline silicate glasses was also observed by other re-
searchers. Nelson and Tallant (1984) reported that ad-
dition of P,O, to metasilicate (Q?) glasses gives rise to a
new Raman band characteristic of the symmetrical
stretching vibration of NaOSi (Q?). Dupree et al. came
to the same conclusion by means of Si MAS NMR spec-
troscopy (Dupree et al., 1988a): the resonance of Q* type
structural units increases in intensity as P,O; increases in
peralkaline glasses. The occurrence of cristobalite in 7.6
mol% P,O, peralkaline glass prepared for, but not ana-
lyzed, in this study is consistent with the above conclu-
sions. Therefore, the homogeneous equilibria can be ex-
pressed as

2KOSi + POP = 2KOP + SiOSi (1)
Q) P9 (PP Q)

where P refers to PO, tetrahedra containing n POP
bridging bonds. The phosphate species must largely re-
side outside the aluminosilicate network, as there is no
evidence for the existence of Si and P bonding in the
MAS 3P NMR spectrum (see also Nelson and Tallant,
1984; Dupree et al., 1988a).

The structural role of excess Al in peraluminous melts
has been a topic of considerable debate (e.g., Lacey, 1968;
Mysen et al., 1980, 1981a; McMillan and Piriou, 1982;
Sato et al., 1991). It has been concluded that tetrahedrally
coordinated Al is the primary structural unit for Al in
subaluminous to moderately peraluminous melts. Five-
fold coordinated Al is observed only as a minor species
coexisting with the fourfold coordinated Al in
15Ca035A1,0,508i0, glass (Al,O,/CaO = 2.3; Sato et al.,
1991). For glasses with an even higher Al,0,/CaO ratio
(7.6 to 12.2), the data from Al MAS NMR suggest that
a portion of the Al is in highly distorted sites in addition
to the four-, five-, and sixfold coordinated sites (Sato et
al., 1991). The Al,0,/CaO ratios of the peraluminous
glasses of this study are less than or equal to 2.3, and the
low excess Al,O,/Si0, ratios (<0.13) of the glasses would
also stabilize Al in tetrahedral sites (Risbud et al., 1987).
It is concluded, therefore, that excess Al is primarily lo-
cated in tetrahedral sites in the peraluminous melts and
it forms triclusters with or without SiO, units (noted as
AlOSi and AIOAL for “with” and “without,” respectively,
in the following).

P,O; reacts with excess Al in peraluminous melts to
form AIPO, species. If the excess Al exists as triclusters
containing silicate tetrahedra, then the homogeneous
equilibrium is

2AI0Si + POP = 2AIOP + SiOSi 2

where the formation of AIOP units results in the poly-
merization of the silicate network. Alternatively, if the
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excess Al exists outside the silicate network, then the ho-
mogeneous equilibrium is

AlOAI + POP = 2AIOP. 3)

Reaction 2 may be indicated by the increase in inten-
sity of the 475-cm~! band, which is believed to reflect the
vibrations of bridging O in the aluminosilicate network
(McMillan and Piriou, 1982).

One question raised about the above two reactions is
whether AIOP bonds reside within the aluminosilicate
network, forming Si-O-Al-O-P-O type species, or outside
the network, as a separate species. It has been argued that
there is no independent MAS NMR data for the isotropic
chemical shift of the species Si-O-Al-O-P-O in crystal or
glasses, thereby, rendering our previous *'P MAS NMR
discussion less convincing. There is not yet a general
agreement on this. The analysis of vibrational spectra
yields different interpretations. Mysen et al. (1981b) and
Tallant and Nelson (1986) argued against the existence
of such a species because of the absence of the SiOP Ra-
man band, which is highly localized in the high-frequency
region. However, Mysen’s conclusion is based on some-
what subjective deconvolution analysis, and the glasses
of Tallant and Nelson are far too low in SiO, concentra-
tion to be compared to this study. In contrast, Kosinski
et al. (1988) argued for the Si-O-Al-O-P-O type structural
units in glass of 508i0,-25A1,0,-25P,0, based on the
similarity of Raman spectra between the glass and vit-
reous silica. Considering the ambiguity involved in the
interpretation of Raman spectra, it is possible that *'P
static NMR spectra may offer clues to the correct model.
If Si-O-Al-O-P-O type species exist, the cubic symmetry
of the shielding tensor of AIPO,-type species will be de-
moted to a lower symmetry, a result which should be
resolved in the static spectra. This is not observed; the
static 3'P NMR spectra has the expected cubic symmetry
(Fig. 9). For this reason, it is thus concluded that AIPO,
species reside mostly outside the aluminosilicate net-
work. This does not exclude the existence of a small num-
ber of P-O-Si species, which certainly are predicted from
thermodynamic considerations.

P-free subaluminous melts are composed of fully poly-
merized aluminate-silicate networks in which all K cat-
ions are incorporated into KAlO, complexes as charge-
balancing cations, noted here as KO“AI (Sharma et al.,
1978; Virgo et al., 1979; Mysen et al., 1980, 1981a, 1982;
McMillan et al., 1982; Sato et al., 1991). In analyzing the
structures of peralkaline and peraluminous melts, it is
clear that KOMALI bonds are very strong compared with
KOSi(Q%) and AlOSi or AIOAI bonds. Once KOSi, AlOS:,
or AIOQALI bonds are eliminated, P,O; must obtain K and
Al from the strong KO™ AL species. The major difference
between subaluminous melts and P,O;-rich peralkaline
or peraluminous melts is that the charge-balanced sub-
aluminous melts contain only KOMALI species, even at
the lowest P,O; contents, and potassium phosphates or
aluminophosphate are not present when P,Q; is required
to break the KO“AI bonds. Therefore it is energetically
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favorable and stoichiometrically feasible for the first
phosphate species to have a low K/P (or Al/P) ratio. The
product is therefore metaphosphate (K/P = 1) in subalu-
minous melts instead of orthophosphate (K/P = 4), as in
low P,O; peralkaline melts. The homogeneous equilibri-
um describing this process is

KAIO, + P,0, = KPO, + AIPO, “

where AIPO, species rather than the less stable AlOSi
species are formed. The intensity of the 450-cm~! Raman
band increases relative to the 480-cm~! band because part
of the KO™AI bonds are eliminated. KO Al bonds de-
press the 450-cm~! bands of SiOSi vibration in vitreous
Si0, (McMillan and Piriou, 1982). Since P,O; is evenly
shared by potassium metaphosphate and AIPO,-type alu-
minophosphate (see Reaction 4), the abundance of each
species is roughly half of those similar species in other
melts with the same amount of P,O;. This explains the
relatively low intensities of the KOP and AIOP bonds in
the Raman spectra of subaluminous melts.

Applications

The solution behavior of P in silicate melts is rich in
complexity. The activity coefficient of P is smaller in sil-
icate melts that contain network-modifying cations ap-
propriate to form stable phosphate complexes. Excess al-
kalis perform this function in peralkaline melts, excess
Al in peraluminous melts, and mainly divalent cations in
metaluminous melts. This model explains a number of
interesting experimental observations.

1. The addition of P,Q, to multisaturated liquids (e.g.,
enstatite-forsterite, cristobalite-enstatite) shifts the
boundary curves to lower SiO, contents, thereby increas-
ing the ygo, in the liquids (Kushiro, 1975). This is con-
sistent with the homogeneous equilibrium

2MgOSi + POP = 2MgOP + SiOSi (5)

in which the production of MgOP complexes causes the
silicate network to polymerize (Hess, 1980; Ryerson and
Hess, 1980). The role of P, therefore, is to increase the
activity coefficient of SiO, but to lower the activity coef-
ficient of selected network-modifying cations. Converse-
ly, the activity coefficient of P is lowest in silicate melts
that contain the highest concentration of network-modi-
fying cation. This factor explains why the solubilities of
apatite and whitlockite are greatest in mafic to ultramafic
melts rich in network-modifying cations and least in nearly
subaluminous granitic melts under identical tempera-
tures and pressures (Watson, 1979; Hess et al., 1989;
Dickinson and Hess, 1983).

2. The solubility of LaPO, (monazite structure) exhib-
its both a peralkaline and peraluminous effect in anhy-
drous potassium aluminosilicate melts (Ellison and Hess,
1988). The solubility is at a minimum in the subalumi-
nous melts because the free energy change of the reaction

KAIO, + P,0O, = KPO, + AIPO, (6)

is not as favorable as the free energy changes of the re-
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actions 1n peraluminous and peralkaline melts (see Eqs.
2 and 1). The reason for this observation, of course, is
that P must attack the very stable KAIO, complex in
subaluminous melts but has easy access to the relatively
less stable excess Al and excess K complexes in other
melts. It is noteworthy that the monazite peralkaline ef-
fect is seen also in hydrous melts (Montel, 1986), dem-
onstrating that the homogeneous equilibrium

2SiOH + POP = 2POH + SiOSi @)

does not have a significant role in stabilizing P,O,. This
conclusion is consistent with the relatively constant sol-
ubility of apatite in anhydrous and H,O-saturated gra-
nitic melts (Green and Watson, 1982).

3. The strong peraluminous effect on P and the strong
association of P and rare earth elements (Ryerson and
Hess, 1978) suggest that P has a strong affinity for M3+,
Indeed, the addition of P increases the Fe’*/Fe** redox
ratios in peraluminous melts and implies the formation
of Fe**PO, complexes (Dickenson and Hess, 1983; Gwinn
and Hess, 1992). BOP complexes in peraluminous melts
are also anticipated (Gan and Hess, unpublished work).
The high P,O, contents of peraluminous pegmatites rel-
ative to high silica rhyolites are likely to be a consequence
of the formation of BPO, complexes (London, 1987).
Crystal-liquid partition coeflicients of other trivalent cat-
ions such as Sc**, Ga*', and Y**, among others, should
be sensitive to the P,O; contents of silicate melts.

The solubilities of high field-strength cations (Zr+, Ti*+,
etc.) in high silica melts strongly depend on the avail-
ability of network-modifying cations (e.g., K*, Ca2*). P5+
joins in the competition for network-modifying cations,
and therefore reduces their availability to other high field-
strength cations, thus changing their solubilities. How P,O,
competes with other high field-strength cations for a lim-
ited number of network-modifying cations is a question
that cannot yet be addressed. The establishment of a hi-
erarchy of such interactions is an important goal in the
characterization of the solution properties of highly
charged trace elements.
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