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Abstract

Raman spectroscopy of quenched silicate melts has been used to determine their anionic
structure as a function of bulk composition and pressure. The structural results have been in-
tegrated with published data on physical and chemical properties of the melts.

The structure of silicate melts on the joins Na,0-Si0,, CaO-S8iO,, Ca0-MgO-Si0,, and
probably other analogous binary joins, can be described in terms of anionic structural units
that, on the average, have NBO/Si=4, 3,2, ,and 0 (NBO/Si:nonbridging oxygens per sili-
con). Distinct compositional regions involving only three of these structural units have been
delineated. These compositional ranges (0-~20, ~20-50, and >50 mole % metal oxide) coin-
cide with compositional ranges defined by thermal expansivity data and data on the activa-
tion energy of viscous flow.

Melts on the join NaAlQ,-SiO, have a three-dimensional array of SiO, and AlO, tetra-
hedra. Two three-dimensional units, which differ in Si/(Si + Al), coexist. Both structural
units become more aluminous as the bulk Si/(Si + Al) of the system decreases. The structure
of these melts remains essentially unaffected as the pressure is increased to 38 kbar. At 1 atm,
the viscosity of melts on this join decreases with increasing NaAlO,/SiO,. This decrease is
related to the increased proportion of weaker Al-O relative to Si-O bonds in the three-di-
mensional structure. The decrease of the melt viscosity with increasing pressure is related to
an increase in the number of nearest oxygen neighbors around the metal cations. We suggest
that each Al-O bond in the structure is weakened as the result of this process, which results in
the lowering of the melt viscosity.

The Raman spectra of melts in the system Na,0-AL,0,-Si0, with Al/Na > 1 indicate that
nonbridging oxygens are present in the melts. Some aluminum is, therefore, no longer in tet-
rahedral coordination in the melt. This structural change is responsible for the observed de-

crease in viscosity and activation energy of viscous flow as Al/Na is increased above 1.

Introduction

Most of the dynamic processes of magma forma-
tion and evolution take place in the earth’s crust and
upper mantle. Most of these processes depend on the
viscosity of the magma. It has been shown (e.g.,
Marsh, 1975; Arndt, 1977) that the percentage of
melting necessary for separation of partial melts and
residual crystals depends on the melt viscosity. The
temperature gradient in a magma chamber required
to induce convection also depends on the viscosity of
the magma (e.g., Shaw, 1965; Bartlett, 1969). Fur-
thermore, the capacity of a magma to carry material
in suspension is directly related to the melt viscosity.
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Inasmuch as these processes take place at pressures
ranging from 1 atm to those corresponding to the up-
per mantle, it is also necessary to understand the
pressure dependence of the viscosity of silicate melts.
Such information has recently become available
(Kushiro, 1976, 1978a,b,c; Fujii and Kushiro, 1977,
Kushiro et al., 1976; Scarfe et al., 1979). Scarfe et al.
noted that the viscosity of highly polymerized silicate
melts decreases with increasing pressure under iso-
thermal conditions. Less polymerized melts (e.g.,
melts of meta- and disilicate compositions) show a
viscosity increase with increasing pressure. Hydrous
melts also show an increase in their viscosity with in-
creasing pressure (Shaw, 1963; Kushiro, 1978c).

The viscous behavior of simple binary and ternary
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melts in systems such as CaO-AlL0,-SiO,, MgO-
ALO;-S8i0,, Na,0-A1,0,-Si0,, and K,0-ALO,-SiO,
has been used to model the anionic structure of sili-
cate melts (e.g., Bockris et al, 1955; MacKenzie,
1960; Riebling, 1964, 1966; Bockris and Reddy,
1970).

In simple binary metal oxide-silicate systems, the
viscosity (n) and activation energy (En) of viscous
flow of the melts have been used to model their struc-
ture. In these models (“discrete polyion model,” see
Bockris and Reddy, 1970, p. 614 for summary), three
distinct compositional ranges (molar metal oxide-sil-
ica ratio <20, 20-50, and >50) have been defined
within which specific anionic structural units coexist.
This model has subsequently been refined with the
aid of thermal expansivity and partial molar volume
data (see Robinson, 1969, for review of data).

Rheological data have also been used to conclude
that melts on joins such as NaAlO,-SiO,, CaALO,~
Si0,, and MgAl,0,-SiO, have a three-dimensional
network structure (Riebling, 1964, 1966). Subsequent
RDF (RDF: radial distribution function) data by
Taylor and Brown (1979) have confirmed this con-
clusion. Rheological data in the system Na,0-ALQO,—
Si0O, have also been used to infer that nonbridging
oxygens exist in melts where Na/Al is different from
1 (Riebling, 1966).

Rather than relying on properties of melts to infer
their structure, the structure may be determined di-
rectly. A model thus generated can be integrated
with data on physical and chemical properties. In an
attempt to reach this goal, the anionic structures of a
broad range of silicate melts have been determined
with Raman spectroscopy at both 1 atm and high
pressure.

In this paper, the structural interpretation of the
Raman data is presented first. These data are com-
pared with the structural models of silicate melts de-
rived with other techniques. The structural model is
then integrated with data on physical and chemical
properties (mainly rheological data) and finally ap-
plied to more complex magma compositions.

Starting compositions

On the basis of the physical properties of silicate
melts, a study of their anionic structure can conve-
niently be divided into three compositional groups.
These are binary metal oxide-silicate melts, alumino-
silicate melts with AP* charge-balanced with metal
cations, and aluminosilicate melts where AI** is not
charge-balanced. The compositions are shown in
Table 1. The first group includes binary melts on the

Table 1. Composition of starting materials (mole %)

Syst Na_0-S10
ysten Na 2

NS2 NS3 NS5 NS§9
510 66.7 80.0 90.0

Na 6

NS20

75.0 95.0

2 33.3 25.0 20.0 10.0 5.0
System Ca0-5102
WL50  WL25  Wo SW70 swao 0351305
Si0 41.7 45.8 50.0 55.0 60.0 66.7
CaO2 58.3 54.2 50.0 45.0 40.0 33.3
System Ca0-Mg0-510, (Ca/Mg = 1)
DM95 DM85 DM58 DM40 Di SD70 SD40
510, 34.2 35.8 40.4 43.4 50.0 55.0 60.0
MgO 32.9 32.1 29.8 28.3 25.0 2245 20.0
Ca0 32.9 32.1 29.8 28.3 25.0 22,35, 20.0
?ystem NaZO-A1203-SiO2
Ne Jd Ab AS 50 NaAlSi7016 SAN 3 SA 10
SiO2 50.0 66.6 75.0 80.0 87.5 90.8 93.9
A1203 25.0 16.7 12.5 10.0 6.3 6.2 6.1
Nazo 25.0 16.7 112/, 5/ 10.0 6.3 3.0 =

joins Ca0O-Si0,, MgO-CaO-Si0, (Ca/Mg = 1),
Na,0-58i0,, and ALO,-Si0,. With the possible ex-
ception of Al,0,-SiO,, published spectroscopic data
(e.g., Brawer and White, 1975, 1977; Verweij,
1979a,b; Furukawa and White, 1980; Virgo et al,
1980) indicate that in such melts, the ratio of non-
bridging oxygen to silicon (NBO/Si) is a simple
function of the ratio of metal cations to silicon (M/
Si). The system Al,0,-SiO, was chosen to determine
whether AP’* is a network former or a network modi-
fier in the absence of local charge-balance of the tet-
rahedral cation with a mono- or divalent metal. Day
and Rindone (1962a,b) suggested on the basis of X-
ray data that aluminum is a network modifier when-
ever the molar metal oxide-aluminum oxide ratio is
less than 1. On the other hand, Lacy (1963) has sug-
gested that AI’* probably is not in AlO, octahedra
because such an arrangement is energetically unfa-
vorable. Lacy therefore suggested the AlQg-tricluster
concept with AI** in tetrahedral coordination. Melts
along a join from ALO, (10 wt %) SiO, (90 wt%) to
Al,O; (10 wt%), Na,O (6 wt%), SiO, (84 wt%) were
therefore studied, in order to relate the Na/Al of the
melt to the structural role of AI’* of the melt.

The third group of melts was on the join NaAlQ,-
SiO,. The viscosity of melts on this join decreases
rapidly as a function of decreasing Si/(Si + Al)
(Riebling, 1966), despite observations that melts
along this join all seem to have a three-dimensional
network structure (e.g., Taylor and Brown, 1979;
Navrotsky et al., 1980). The viscosity of melts on this
join decreases with increasing pressure (Kushiro,
1976, 1978a). This observation has led to suggestions
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that AI’** may undergo coordination changes with in-
creasing pressure (Kushiro, 1978a), although Sharma
et al. (1979) indicated that AI’* remains in tetrahe-
dral coordination even at high pressure. Scarfe et al.
(1979) also noted that melts on this join are signifi-
cantly more compressible than Al-free melts with a
significant number of nonbridging cations. Selected
compositions on this join were therefore subjected to
pressures up to 38 kbar.

Experimental technique

The starting materials were prepared from spectro-
scopically pure (Johnson and Matthey) SiO,, ALO;,
MgO, and CaCO,, and reagent grade Na,CO;. These
oxides (in batches of less than 200 mg) were ground
under alcohol for more than 1 hour and dried at
about 400°C. All quenched melts were stored at
110°C prior to acquisition of the Raman data. The
quenched melts were made at selected temperatures
and pressures within the ranges where viscosities and
densities had been determined. One-atm samples
were made by quenching the melts in liquid nitrogen
in a vertical quench furnace. The quenching rate was
approximately 500°C/sec over the first 500-1000°C
cooling. High-pressure samples were prepared in a
solid-media, high-pressure apparatus (Boyd and
England, 1960) with furnace assemblies of 0.5” diam-
eter. The piston-out technique with 4 percent friction
correction (calibrated against the quartz—coesite tran-
sition) was used. The temperatures were monitored
with Pt-Pt90Rh10 thermocouples. The uncertainty
of the temperature is 6-10°C, depending on the tem-
perature of the experiment (Mao et al., 1971). The
uncertainty of the pressure is £1 kbar (Eggler, 1977).
The quenching rate in the solid-media, high-pressure
apparatus was approximately 250°C/sec over the
first 1000°C.

All samples (10-30 mg) both at 1 atm and at high
pressure, were prepared in sealed Pt capsules. In the
one-atm experiments, alkali metals tend to volatilize
(Kracek, 1930; Robinson, 1969; Scifert et al., 1979a)
when exposed to air or gases such as CO, and CO.
This problem is circumvented by sealing the cap-
sules. High-pressure samples were sealed in Pt cap-
sules in order to avoid access of water and other con-
taminants from the furnace assembly to the sample.

The Raman spectra were taken on small chips of
quenched melt (about 0.5-1.0-mm cubes) that were
free of bubbles. The spectra were recorded with a Jo-
bin-Yvon optical system, holographic grating,
double monochromator (HG25) and a photon-count-
ing detection system. The spectra were recorded at 3
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cm~'/sec. The samples were excited with the 488.0
nm line of an Ar* laser using a laser power of 200
400 mW at the sample with 90° scattering geometry.
Polarized spectra were obtained with the focused ex-
citing beam parallel to the horizontal spectrometer
slit and with the electric vector of the exciting radia-
tion in a vertical orientation. A sheet of polarizer disk
in front of an optical scrambler was used to record
separately the parallel and perpendicular com-
ponents of the scattered radiation.

As a matter of routine, replicate spectra from the
same chips, from different chips of the same experi-
mental run product, and from duplicate experiments
were also taken.

The Raman spectra are sensitive to variations of
sample composition, which may result from in-
appropriate sample preparation. Seifert ef al. (1979a)
showed, for example, that sodium loss from melts on
the join Na,0-SiO, results in changes of the high-
frequency envelope as Na loss results in a decrease of
NBO/Si of the melt. The spectra do not indicate such
effects.

As discussed below, whenever Na/Al differs from
1 for melts on the join Na,0-AlL0,-SiO,, Raman
bands due to nonbridging oxygens will appear. Thus
any heterogeneity of Na/Al/Si of the sample due to
inappropriate sample preparation will result in the
appearance of bands in the Raman spectra due to
nonbridging oxygens. Inasmuch as such bands were
never observed, we conclude that the quenched melts
were homogeneous.

Incomplete melting of the very viscous melts on
the join NaAlO,-SiO, will result in Raman spectra
with sharp bands, provided that the crystallites are
larger than 20-50A (Brawer, 1975). In this respect,
the Raman technique is more sensitive than optical,
X-ray, or electron microprobe methods. The absence
of such sharp bands in any of the spectra indicates
that all samples were completely molten.

Melt vs. quenched melt (glass)

In the structural study of silicate melts, quenched
melts (glass) have been used. Most of the physical
properties discussed later were obtained on molten
silicates. In order to relate the structural determina-
tions of quenched melts to the structure of molten sil-
icates, it is necessary to document that the structural
features under consideration are not significantly af-
fected by quenching. Riebling (1968) and Taylor ez
al. (1980) found that the anionic units (silicate poly-
mers) in melts with three-dimensional network struc-
ture, such as melt of NaAlSi,O, composition, remain
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the same as the melt is quenched to a glass. Direct
experimental proof of structural similarity between
melts and glasses on the join Na,0-SiO, was pro-
vided by Sweet and White (1969) and Sharma et al.
(1978). In those studies, infrared and Raman spectra
of melts of Na,SiO,, Na,Si,0;, and Na,Si,O, compo-

1088
1

1188
1 1 1

sition were comparable to the spectra of quenched
melts. It was concluded, therefore, that the anionic
structural units in these melts are the same before
and after quenching,.

On the basis of the information given above, we
conclude that the structural features of silicate melts
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Fig. 1. Raman spectra of quenched melts on the join Na,0-SiO, at 1 atm. See Table 1 for explanation of symbols.



694 MYSEN ET AL.: STRUCTURE OF SILICATE MELTS

discernible with Raman spectroscopic techniques are Jﬂ\
quenchable, and the results given in this report are H
applicable therefore to molten silicates.
oMas | |
Experimental results (Gas Mgusi = 1.93 0
1-atm results h
Binary joins. The most comprehensive set of struc- ©
tural data on silicate melts is from melts on binary
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’ D
WL50
CalSi = 1.40 | |
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Fig. 2. Raman spectra of quenched melts on the join CaO- Wavenumber, cm-"!

SiO, at 1 atm. See Table 1 for explanation of symbols. M, D, C, Fig. 3. Raman spectra of quenched melts on the join CaO-
and S refer to monomer, dimer, chain, and sheet species, MgO-SiO, (Ca/Mg = 1) at 1 atm. See Table 1 for explanation of
respectively. symbols. See Fig. 2 caption.
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Table 2. Raman data of quenched melts on metal oxide-silicate joins
Comp. T, °C P, kbar Wavenumber, rm =
DM 95 1650 0.001  380w,p,(bd) = 530m,p, (bd)  700w,p = 848s,p 903m,p  977me,p  R*x -
DM 85 1650 0.001 380w,p, (bd) = 527m,p,(bd) 700w,p - 847s,p 903m,p 978m,p XX - -
DM 58 1650 0.001  343w,p,(bd) = 513m,p, (bd) 686m,p - 860s,p 910s,p  973m,p  **% -
DM 40 1650 0.001  340w,p, (bd) = 500m,p, (bd) 660m,p = 863s,p  908mr,p 973m,p ke - -
DM 25 1650 0.001  340w,p, (bd) - - 655m,p - 860s,p 913w,p  973s,p  *k* = =
Di 1650 0.001  340w,p,(bd) = - 630m,p  770vw,(sh)  867m,p & 967s,p  *k% 1060m,p -
SD 70 1650 0.001 = = = 622s3,p 770w 873w,p = 959s,p Fkd 106 3m,p =
SD 40 1650 0.001 = = 500vw, (sh) 610s,p = 873vw = 955s,p bkl 1063m,p =
WL 50 1650 0.001 352m,p - 547w, (sh) 670s,p - 850s,p 900s,p 960s,p Rk = =
WL 25 1650 0.001 350m,p = 547w, (sh) 647s,p - 851ls,p  907s,p 980s,p 1059w = =
Wo 1650 0.001  345m,p,(bd) - = 620s,p %, 867s,p = 962s,p  AEE 1050m,p =
SW 70 1650 0.001 = - 613s,p - 869w,p = 963s,p EL L] 1051s,p =
SW 40 1650 0.001 - - - 586s,p - 86 3vw = 957s,p al 1055s,p =
CaSiZO5 1650 0.001 = = = 593s,p - 861lvw = 958s,p ok 1057s,p =
NS 2 1500 0.001 =~ - 573s,p 780vw = - 942m,p 1050m  1095s,p =
NS 3 1500 0.001 = = 480w, (sh) 540s,p 780w = - 945w, p 1053m  1105s,p 1170vw(?)
NS 5 1500 0.001 450m,p 490s,p = 787m = - 950w,p 1050m  1093s,p 1178m
NS 9 1650 0,001 = 440s,p  495s,p = 790m - - 945w 1060m 1087s,p 1lléém
NS 20 1650 0.001 2 430s,p 490s,p = 790m = - = 1060m  1090s,p 1180m
NS 2 1200 0.001 - = 564s,p 760w - - 940m,p 1050m  1095s,p *xx(2)
NS 2 1200 15 - - - 564s,p 758w = - 937m,p 1060m  1095s,p *kk(2)
NS 2 1200 25 - = = 573s,p 763w v - 948m,p 1060m  1103s,p % (?)
Di 1425 0.001 - - - 633s,p - 880m,p - 980s,p X 1068(sh) =
Di 1550 0.001 = - = 632s,p = 880m,p = 983s,p Ak 1070 (sh) =
Di 1650 10 - = = 629s,p - 873(sh) = 975s,p  wk® 1070 (sh) -
Di 1650 20 = = - 629s,p - 873(sh) = 975s,p ek 1070 (sh) =
Di 1685 20 2 - - 636s,p - 873(sh) - 978s,p L 1066 (sh) -
NS 3 1300 0.001 - - 538s,p - 773w = 950w, p 1050m  1107s,p *kk
NS 3 1300 15 - - 544s,p = 773w - - 950w, p 1070m  1105s,p *kk
Abbreviations: vw, very weak; w, weak; mw, medium to weak; m, medium; ms, medium to strong; s, strong; p, polarized;

(bd), broad; (sh), shoulder.

Uncertainties: Strong to weak bands, + ~5 cm_l. Very weak bands,

Compositional notations are defined in Table 1.

10 em Y, Shoulders, 15-20 o

metal oxide-silicate joins. It is convenient, therefore,
to discuss these data first (Figs. 1-3; Table 2). Raman
and infrared data on such joins have been published
by Brawer and White (1975, 1977), Sweet and White
(1969), Furukawa et al. (1978), Furukawa and White
(1980), Verweij and Konijnendijk (1976) and Ver-
weij (1979a,b). A summary of these data was pro-
vided by Virgo et al. (1980).

In the present study, the joins Na,0-Si0Q,, CaO-
Si0,, and CaO-MgO-SiO, have been emphasized.
Inasmuch as the alkaline earth-silicate joins are in-
tersected by a liquid immiscibility gap near M**/
(Si**+M?*") = 0.3, our studies were limited to melts
with a larger M**/(Si**+M?**). The Na,0-SiO, join
was extended to pure SiO,, as there is no stable liquid
immiscibility on this join.

(a) Na,O-Si0,: The Raman spectra of six
quenched melts on the join Na,0-SiO, are shown in
Figure 1 (see also Table 2). The high-frequency en-
velope between 800 and 1200 cm~' was deconvoluted
into individual bands with Gaussian line-shape by
the following technique. First it was assumed that the
background in this spectroscopic range was horizon-
tal. This assumption is an approximation, as the
Rayleigh tail has an exponential form. Extrapolation
of the Rayleigh tail from less than 500 cm™ to the re-
gion of interest with exponential equations indicates
less than 5% deviation from a horizontal background
at wavenumbers greater than about 800 ¢cm™'. Sec-

ond, all bands were considered symmetric. Third,
bands were fitted to the high-frequency envelope
only when their existence was indicated by separate
peaks or shoulders or abrupt deviations from Gaus-
sian line shape of portions of the high-frequency en-
velope.

With these considerations in mind, the spectra of
quenched melts on the join Na,0-SiO, will be dis-
cussed (Fig. 1; see also Table 2). The Raman spec-
trum of one of the endmembers, SiO,, has been dis-
cussed in detail elsewhere (e.g., Bell and Dean, 1970,
1972; Bates et al., 1974; Stolen and Walrafen, 1976;
Galeener and Lucovsky, 1976a,b; Lucovsky,
1979a,b). The Raman spectrum consists of a strong,
broad band near 430 cm™' and a less intense, sharp
band near 480 cm™' (Fig. 1). There are weak bands at
600, 795, 1059, and 1188 cm™'. All but the 795, 1059,
and 1188 bands are polarized. The 430 and 795 cm™*
bands represent oxygen bending motions with some
contribution from the silicon atom in the 795 cm™
(Lucovsky, 1979a). The 480 cm™' band is a rocking
band that stems from rocking of bridging oxygen
bonds in a fully polymerized, three-dimensional net-
work (Bates et al., 1974; Bell and Dean, 1972). The
band near 600 cm™' most likely is due to bending
motions of oxygen bonds in defect structures in
quenched SiO, melt (Lucovsky, 1979a,b). This defect
is generated by breaking one Si-O bridging bond in
the continous three-dimensional network. The defect
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density in quenched, anhydrous SiO, melt is approxi-
mately 10 cm™ (Stolen and Walrafen, 1976; Lu-
covsky, 1979a), which implies that about 0.01% of the
ideally bridging oxygen bonds have been broken.

The 1059 and 1188 cm™' bands are due to anti-
symmetric stretch vibrations in a three-dimensional
array of SiO, tetrahedra. If this array is homoge-
neous, only one antisymmetric stretch band would be
expected (Bell and Dean, 1972). Galeener and Lu-
covsky (1976a,b) suggested that the two bands result
from LO and TO splitting. Inasmuch as LO and TO
splitting require long-range order, this interpretation
is unlikely in view of the disordered nature of silicate
melts. We suggest instead that the two antisymmetric
stretch bands are due to two distinct three-dimen-
sional structural units in the quenched melt. The
need to consider models of quenched SiO, melt on
the basis of more than one type of three-dimensional
network has also been suggested from high-resolu-
tion electron-microscopic studies (Gaskell, 1975;
Gaskell and Mistry, 1979; Bando and Ishizuka,
1979).

With 5 mole% Na,O added to SiO, melt (NS20), a
new, sharp band appears near 1100 cm™ (Fig. 1).
This band becomes more intense relative to all the
other bands in the high-frequency envelope as the
Na*/Si** of the quenched melts is further increased.
Another very weak band appears near 950 cm™' in
NS9 melt (Na*/Si** = 0.22) and grows in intensity
with increasing Na*/Si**. Brawer and White (1975)
and Furukawa and White (1980) extended their stud-
ies of melt structure on the join Na,0-SiO, to so-
dium metasilicate (NS). In the compositional range
from NS2 to NS, the intensity of the 950 cm™' contin-
ued to increase and is the dominant feature of the
spectrum of quenched sodium metasilicate melt. In
the same compositional range the intensity of the
1100 cm™ band showed a continuous decrease. Nei-
ther the 1100 nor the 950 cm™' band showed signifi-
cant frequency changes in the compositional range
between NS20 (Na*/Si*" = 0.11) and NS2 (Na*/Si**
= 1) in the present study and between Na*/Si** = 0.2
and 2 in the study by Brawer and White (1975). Both
the 950 and 1100 cm™' bands also remain polarized
in the entire compositional range.

The band near 490 cm™ in the spectrum of
quenched NS20 melt becomes more intense and
shifts toward 570 ¢cm™' with increasing Na/Si. In
quenched NS2 melt (Na*/Si** = 1.0) the band is at
570 cm™', where it is the second most intense band in
the spectrum. The 490-570 cm™' band remains polar-
ized in the entire compositional range.
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The 1100 and the associated 570 cm™' bands are
the two strongest bands in crystalline Na,Si,O;
whether the « or the 8 forms are considered (Furu-
kawa and White, 1980). The 950 cm™' band is the
strongest band in crystalline metasilicates (Etche-
pare, 1972; Brawer and White, 1975). Furukawa and
White (1980) also noted that the 1100 cm™" band is
strongly polarized. The band is IR inactive (White et
al., 1979). On the basis of such considerations, Furu-
kawa and White (1980) concluded that the 1100 cm™
band is due to symmetric “O-Si-O° stretching. Ver-
weij (1979a,b) arrived at a similar conclusion. The
570 cm™' band is due to symmetric stretching of
bridging oxygen bonds within the same structural
unit as that giving rise to the 1100 cm™ band. The
1050 cm™' band is due to antisymmetric stretching of
bridging oxygen bonds in any structure where oxy-
gen bridges exist. The 950 cm™ band is assigned to
symmetric ~O-Si-O~ stretching.

The ~O-Si—O~ stretch vibrations may be derived
from a chain or a ring structure (NBO/Si = 2) and

WL25
Cal/Si = 1.18

| | | | |

900 1000 1100

Wavenumber, cm™!
Fig. 4. Quenched WL25 melt deconvolution using Gaussian
curves. See text for detailed explanation of procedures.

1200
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Table 3. Raman frequencies of the streich vibrations of specific
Si-rich anionic structural units in silicate melts

Frequency

(em™)

Characteristics of

Structural unit NBO/Si vibrational mode

S:'LO4 4 850-880 symmetric stretch
512076— 3 900-920 symmetric stretch
312064' 2 950-980 symmetric stretch
512052‘ 1 1050-1100 symmetric stretch
S]‘.O2 0 1060,1190 antisymmetric stretch
the “O-Si-Q° vibration from a structural unit that

has NBO/Si ~ 1 (e.g., sheet). Further discussion of
these specific structural assignments will be provided
after discussion of the spectra of quenched melts on
the joins CaO-Si0O, and CaO-MgO-Si0,.

The Raman bands characteristic of three-dimen-
sional network structural units in the melt (430, 800,
and 1188 cm™' bands) diminish in intensity in the
compositional range between SiO, and NS3. The
430, 800, and 1188 cm™' bands are definitely present
in the spectra of melts with as much as 25 mole%
Na,0 (Na*/Si** = 0.67). In the sodium disilicate
quenched melt (33 mole% Na,O), the band near 800
cm™' remains. There is no clear band at frequencies
below about 570 cm™'. The Rayleigh tail flattens out
between 400 and 500 cm™!, however, which indicates
a weak band in this spectral region. We conclude,
therefore, that three-dimensional network structural
units (3D) definitely exist in melts in the composi-
tional range between SiO, and Na*/Si** = 0.67 (NS3
melt). This compositional region may extend as far as
Na*/Si** = 1.0 (NS2 melt).

(b) CaO-SiO, and MgO-CaO-Si0, (Ca/Mg = 1):
The Raman spectra of quenched melts on the joins
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Ca0-Si0, and MgO-Ca0O-SiO, are shown in Fig-
ures 2 and 3 (see also Table 2). The dominant feature
of each spectrum is the intense, slightly asymmetric
band in the region between about 600 and 670 ¢cm™
combined with an intense, high-frequency envelope
in the region between 800 and 1100 cm™'. All these
bands are strongly polarized. The Raman spectra of
quenched melts on the join CaO-MgO-5i0, are sim-
ilar to those on the join CaO-SiO, (Figs. 2 and 3).
The high-frequency envelope of the spectra is some-
what less resolved in the system MgO-CaO-SiO,,
however, presumably because of more local disorder
in the former system (Brawer, 1975). All the bands,
with the exception of that in the 600-670 cm™ re-
gion, remain at the same frequency as M**/Si** var-
ies (Figs. 2 and 3).

There are at least two bands in these spectra that
do not occur in the compositional range of the Na,O-
Si0, system shown in Figure 1 (compare Fig. 1 with
Figs. 2 and 3; see also Table 2). In melts with M/Si
between 1.9 (DM 95) and 1.18 (DM 25 and WL 25),
there is a very strong sharp band near 870 cm™" and a
less intense band near 900 cm'. Their frequencies
are independent of M/Si of the quenched melts (Ta-
bles 1 and 2). The 870 cm™' band remains in all
spectra of melt compositions from DM 95 to CaSi,O;
(Ca/Si = 0.5). The 900 cm ™' band disappears at melt
compositions between DM 25 (M/Si = 1.18) and Di
(M/Si = 1). The intensities of both bands decrease as
the M/Si decreases. The intensity of the 900 cm™
band probably passes through a maximum relative to
the other bands in the high-frequency envelope in
melt compositions with M/Si near 1.5 (DM 58 and
WL 50; see Table 1). Both bands remain polarized in
the entire compositional range.

Table 4. Raman data of quenched melts on the join Na,0-Al,05;-SiO,

Comp. T °C P, kbar Wavenumber, cm~1

L L I,/1y
Ne 1550 0.001 - 480s,p 561m,p 790w - 945w, p - 1014s 3.6
Jd 1450  0.001 - 468s,p 567m,p 767(sh) - 959m, p - 1063s 2.2
Ab 1500 0.001 - 470s,p 566w, p 780(sh) - 983w,p - 1090s 2.8
AS 50 1650 0.001 440s,p 485 (sh) 595w, p 793m - 987m, p - 1110s 2082
NaAlSi7016 1650 0.001 440s,p 480 (sh) 587w, p 793m - 1023m,p - 1150m 1.1
8i0y 1750 0.001 430s,p 483s,p 595w, p 790m - 1059w - 1188m <1l
SA 10 1650 0.001 430s,p 483s,p 600m, p 794m  950w,p  1052m 1117mw,p  1190m
SAN 3 1650 0.001 431s,p 483 (sh) 590m, p 793m  943w,p  1045m 1120w,p 1177m
Jd 1500 20 - 479s,p 566w, p 782(sh) - 955m,p - 1064s 3.5
Jd 1550 38 - 477s,p 561w, p 790 (sh) - 960m, p - 1060s 5.4
Ab 1500 20 - 468s,p 573w,p 794 (sh) - 980m, p - 1088s 3.0
Ab 1550 38 - 467s,p 580(sh) ~ 970m,p - 1080s 5.0

Abbreviations and uncertainties:

see Table 2.

795(sh)
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The 870 cm™' band is by far the most intense band
in crystalline orthosilicates (Furukawa et al., 1978;
Verweij and Konijnendijk, 1976). Furukawa et al
(1978), Verweij and Konijnendijk (1976), and Ver-
weij (1979a,b) assigned this band to symmetric
stretch vibrations of nonbridging oxygen bonds in
separate SiO;~ tetrahedral (symbol:Si-O*"). This as-
signment is retained here.

The 900 cm™' band is the major band in crystalline
pyrosilicates (Lazarev, 1972; Sharma and Yoder,
1979). In view of the facts that its frequency is higher
than that of the symmetric Si-O>",stretch band (870
cm™'), that it is polarized, and that its frequency coin-
cides with the main band in crystalline pyrosilicates,
this band is interpreted as due to the presence of di-
mer structural units (Si,057) in the melts. Its fre-
quency is independent of NBO/Si of the melt. We
conclude, therefore, that the NBO/Si of this struc-
tural unit does not change with composition of the
melt. Further support for this interpretation is found
in the observation that the maximum intensity is
found in spectra from melts with NBO/Si near 3 and
the fact that it is associated with another band near

NaAlO; - SiOs

NaAlSiOy4 SilSi + Al) = 0.5

| 1 I 1
800 900 1000 1100 1200

Wavenumber, cm™1

NaAlSiz0g SilSi + Al) = 0.67

| | 1 | 1
80O 800 1000 1100 1200

Wavenumber, cm-1

NaAlSisz0g SilSi + Al) = 0.75

1 1 1 1 |
800 900 1000 1100 1200

Wavenumber, cm*?

700 cm™'. According to Lazarev (1972), the 700 cm™'
band in crystalline pyrosilicates is a symmetric
stretch vibration of bridging oxygen bonds. Its fre-
quency is characteristic of dimers.

Structural units with NBO/Si ~ 2 occur in all
melts discussed so far (Figs. 1-3). Provided that there
are structural units with more than three Si** cations,
a Raman band near 1050 cm™ (antisymmetric Si-O°
stretch band) is expected (Furukawa and White,
1980). This band could be discerned in melts on the
Na,0-Si0, join with Na*/Si** less than about 1 (di-
silicate). White er al. (1979) commented that this
band also occurs in melts as depolymerized as meta-
silicates. It is expected that this band would also be
present in quenched melts on the alkaline earth-sili-
cate joins (Figs. 2 and 3). In alkaline earth silicate
melts with M>*/Si** < 1, there is also a band due to
symmetric “0-Si-O° stretching in the immediate vi-
cinity of 1050 cm™'. The high-frequency envelopes of
these spectra do not indicate the presence of more
than one band, except that it does not seem possible
to fit any segment of the high-frequency limb of the
envelopes to a single Gaussian equation. In melts

NaAlSiz04p Sil(Si + Al)= 0.8
|
oa7
| 1 | | |
800 800 1000 1100 1200
Wavenumber, cm-1
NaAlSiz04g Sil(Si + Al) = 0.875

| 1 | | | |
800 900 1000 1100 1200 1300

Wavenumber, cm-1
SiOs

|
1058 t
1188

| | | 1 |
900 1000 1100 1200 1300

Wavenumber, cm-1

Fig. 5. Raman spectra of quenched melts on the join NaAlO,~$iO, at 1 atm. See text for explanation of symbols.
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that are less polymerized than metasilicate, only “O-
Si-O~, Si—O*", and vibrations from dimers occur in
the high-frequency envelope. The high-frequency en-
velope of the spectrum from WL 25 (M/Si = 1.18)
indicates that the 970 cm™' is quite broad, however,
thus suggesting the presence of a possible fourth
band (Figs. 2 and 3). In Figure 4, WL 25 was used in
an attempt to fit a band near 1050 cm™ using the
technique described above. In Table 2, the presence
of this band together with the symmetric ~O-Si-O°
stretch band has been only inferred. The reported
frequency of this band is, therefore, more uncertain
than those of other bands. A summary of band posi-
tions and assignments is given in Table 3.

Aluminosilicates.

(a) The join NaAlO,-Si0,: Raman data of
quenched melts of six compositions between
NaAlSiO, (Ne) and SiO, are given in Table 4. The
high-frequency envelopes of the spectra are shown in
Figure 5. The Raman data show an overall similarity
in the compositional range under consideration.
There is a broad, strong, polarized band below 500
cm~'. For melt compositions between NaAlSi,O,,
(AS50) and SiO,, this band is split into one band
near 440 cm™' and one between 480 and 490 cm™'.
The latter band develops from a shoulder to a sepa-
rate band with increasing Si/(Si + Al). In addition to
these bands, all spectra show weak bands near 600
and 800 cm™'. These bands are polarized. There is,
therefore, no principal difference between the spectra
of Al-bearing melts and SiO, on this join in the range
between 400 and 800 cm™',

The high-frequency envelope (Fig. 5) consists of
two bands that occur as distinct peaks in melts with
Si/(Si + Al) greater than about 0.8 and as two shoul-
ders with melts that have lower Si/(Si + Al). Their
frequencies are lowered as a continuous function of
decreasing Si/(Si + Al) (Fig. 6). It also appears that
the highest frequency band becomes more intense
relative to the lower-frequency band as the Si/(Si +
Al) of the melt decreases (Table 4).

The frequencies and the polarization character-
istics of all the bands below the high-frequency enve-
lope are nearly identical to those of quenched SiO,
melt. We suggest, therefore, that these bands are due
to the same vibrations in all the melts studied on the
join NaAlO,-SiO,. On this basis, we conclude that
the melts on this join consist of an array of three-di-
mensional SiO, and AlO, tetrahedra. Taylor and
Brown (1979), on the basis of RDF X-ray data, also
concluded that sodium aluminum silicates with Na/
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Fig. 6. Frequencies of the two Raman bands in the high-
frequency envelope of melts on the join NaAlOQ,-SiO,.

Al = 1 most likely have a three-dimensional network
structure, in agreement with our conclusion.

Virgo et al. (1979) studied the frequency shifts of
the two high-frequency bands in systems where the T
cation was AI’*, Fe**, or Ga**. The metal cations
were Na* and Ca?'. In all the compositions they
studied, the frequencies of the two stretch bands de-
creased as a function of decreasing Si/(Si + T). Bra-
wer and White (1977) made similar observations in
the system CaO-Al,0,-SiO,. Brawer and White
(1977) and Virgo et al. (1979) suggested that the de-
crease of the frequency was due to an increased ex-
tent of coupling of the Si-O° and T-O° anti-
symmetric stretch vibrations. Because of the smaller
force constants of bonds such as Al-O° compared
with Si—O° the frequency of a coupled band would
decrease with increasing Al content of the melt.

The existence of two stretch bands in melts on the
join NaAlO,-SiO, as well as in the other joins stud-
ied by Virgo et al. (1979) has been suggested by them
to stem from two types of three-dimensional struc-
tures in the melts. These structures differ in Si/
(Si + T) (Virgo et al., 1979). These authors also noted
that of these two bands, the highest-frequency band
was more sensitive to compositional changes than the
lower-frequency band. They concluded, therefore,
that the three-dimensional structure resulting in the
highest-frequency band had the largest proportion of
T cation. This conclusion is also adopted here. All
the quenched melts on the join NaAlO,-SiO, have a
three-dimensional network structure, therefore, and
the tetrahedra become increasingly aluminous with
increasing Al content of the melt. The aluminum is,
however, partitioned between two apparently distinct
tetrahedral units. This conclusion is also in agree-
ment with data from Flood and Knapp (1968). They
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calculated liquidus temperatures in the system
NaAlSi;0,-CaAl,Si,0; with the assumption that the
structural units in the melts mixed ideally. The agree-
ment between .calculated and experimental liquidus
data was best when they used two three-dimensional
units in the melt. These two structural units differed
in Si/(Si + Al).

(b) Melts with Na/Al < 1: It has been suggested
(e.g., Day and Rindone, 1962a,b; Riebling, 1964,
1966) that if Al were added to melts on the NaAlO,~
SiO, join, the extra Al may not be tetrahedrally
coordinated, and is, instead, a network modifier.

Si02
M
1188
! 1 I L I I
900 1000 1100 1200 1300 1400
Wavenumber, cm-1
SA 10
(SilAl = 7.6)
. L | | |
900 1000 1100 1200 1300
Wavenumber, cm-1
SAN3

(NaAl/ZAl = 0.49)

| 1 | |
1000 1100 1200 1300

900
Wavenumber, cm-1
NaAlISiz04¢
(NaAl/ ZAl = 1)

| |
1200 1300

1

|
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Fig. 7. Raman spectra of quenched melts with Na/Al equal to
and less than 1. See Table 1 for explanation of symbols.

Lacy (1963), on the other hand, suggested that AlO,
octahedra would not be geometrically and energeti-
cally stable, and suggested that AlO triclusters were
formed instead. No fiéw nonbridging oxygens would
be formed in this process. Inasmuch as AlOg octa-
hedra occur in minerals, it is not clear why Lacy
(1963) concluded that AlO, octahedra probably did
not occur in silicate melts. To our knowledge, no sili-
cate mineral is known where Al is in tetrahedral
coordination without some form of charge balance.

The melt compositions SA10, SAN3 and
NaAlSi,O,; were prepared to evaluate the proposed
roles of AP’* in silicate melts. These compositions dif-
fer in Na/Al ratio (Table 1). The Raman spectra of
these melts are shown in Figure 7 (see also Table 4).
The portion of the spectra below about 800 cm™ is
not significantly different from that of quenched SiO,
melt. We conclude, therefore, that a large proportion
of the melts has a three-dimensional network struc-
ture. In SA10 quenched melt there are, however, two
additional bands in the high-frequency envelope
(near 1100 and near 950 cm™; see Fig. 7). Both bands
are polarized and become less intense as 3 wt% Na,O
(SAN3) is added to SA10. In quenched SA10 melt,
the two strongest bands, at 1050 and 1190 cm™,
probably are the two antisymmetric Si-O° stretch
bands that are also found in quenched SiO, melt.
The frequencies and polarization characteristics of
the two bands near 950 and 1100 cm™' are nearly
identical to those found in binary melts on the join
Na,0-Si0, (Fig. 1) and could be due to the same vi-
brations in the melt ((O-Si-O~ and ~O0-Si-0° sym-
metric stretching).

Provided that the 950 and 1100 cm™' bands are, in
fact, due to silicate stretch vibrations in structural
units with nonbridging oxygens, it must be concluded
that in SA10 quenched melt there is no evidence for
Si(Al) coupling, as the frequencies of the four bands
in the high-frequency envelope are similar to those in
analogous Al-free silicate melts. If this conclusion is
correct, the Al in quenched SA10 melt is a network
modifier.

Consider now the possibility that the two bands
are stretch vibrations involving Al in tetrahedral
coordination. With the assumption that both bands
are coupled in the same manner as the antisymmetric
stretch bands of melts on the join NaAlQ,-SiO,, the
data for SA10 are inconsistent with the data in Fig-
ure 6. If the band near 1100 cm™' is a coupled stretch
vibration, the second band would be near 1000 cm™',
whereas in fact the second band occurs near 950
cm™'. If the 950 cm™' band was an Si(Al)-coupled vi-
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bration in a three-dimensional network structure, the
associated band would fall near 1000 cm™', where
there is no band. We conclude, therefore, that at least
one of the two additional bands is an Si-O stretch
band indicative of nonbridging oxygens in the melt,
and that some, perhaps all, the Al in SA10 is a net-
work modifier.

In composition SAN3, approximately one half of
the AP’* is balanced with Na*. In that composition
the frequencies of the two Si-O° antisymmetric
stretch bands are lowered slightly relative to their fre-
quencies in pure SiO,, thus indicating some Si(Al)
coupling. The Si/(Si + Al) of the three-dimensional
network cannot be significantly less than 0.95 (com-
pare Figs. 6 and 7).

The intensity of the band near 1100 cm ™ in SAN3
melt is diminished relative to the overall intensity of
the high-frequency envelope compared with the data
for SA10 melt. This decrease is consistent with the
fact that less AI’* may be a network modifier in
SAN3 melt than in SA10 melt. The spectra of SA10
and SAN3 melts are quite similar, however, which
leads to the conclusion that the structures of the two
melts are similar.

The NaAlSi,O,, quenched melt is fully polymer-
ized, as discussed under NaAlO,-SiO, spectra above
(Fig. 5).

The effect of pressure on melt structure

Binary joins. The Raman spectra of NS, NS2, NS3
and Di melts quenched from pressures up to 20 kbar
are identical to the one-atm spectra within experi-
mental uncertainty (Table 2). We conclude, there-
fore, that there is no discernible pressure dependence
of the anionic structure of these melts.

The join NaAlO,-SiO, Two melt compositions,
NaAlSi,O; (Ab) and NaAlSi,O, (Jd), were subjected
to up to 38 kbar pressure. The detailed Raman spec-
troscopic data resulting from these experiments are
shown in Table 4, with deconvoluted high-frequency
envelopes in Figure 8. The overall appearance of the
spectra is not affected by pressure. If, for example,
some Al** were to leave the network to form AlQO,
clusters or octahedra, bands due to nonbridging oxy-
gen are expected (see Fig. 7).

The only observable spectroscopic change in sam-
ples quenched at high pressure is an increase in the
intensity of the I, band relative to the I, band in the
high-frequency envelope (Table 4). This change may
indicate that the overall proportion of the most alu-
minous, three-dimensional network structure in the
melt has increased relative to the less aluminous

structural unit. The same trend was observed at 1
atm as the Si/(Si + Al) of melts on the join NaAlO,~
SiO, decreased. On that join, the Si/(Si + Al) of the
two structural units also displayed a decrease, an
effect that is not observed as the pressure is increased
on a given composition (Figs. 7 and 8; see also Ta-
ble 4).

Discussion

Structural models of silicate melts

The most important observation made from the
above assignment of the Raman spectra is that there
is a unique set of coexisting anionic structural units
for specific ranges of the ratio of nonbridging oxygen
to silicon. In Table 3, the anionic units are defined on
the basis of average NBO/Si. There are several as-
pects of these conclusions that warrant further com-
ment. In comparison to some models of melt struc-
ture (e.g., Masson, 1977), the present model is
strikingly simple. This simplicity should not be sur-
prising in view of the fact that when comparing the
crystal structures of silicate minerals, only a few
structural arrangements can be found (see Dent
Glasser, 1979, for review). In fact, in silicate crystal
chemistry, the metal cations are considered very im-
portant in controlling the type of polymers that will
occur. Polymer theory as applied to silicates (e.g.,
Masson, 1977) does not take metal cations into ac-
count.

Previous models of melt structures include features
such as trimers, tetramers, pentamers, etc., in addi-
tion to rings and branched chains. The experimental
basis for most of these models has been chromato-
graphic data derived from trimethylsilyl derivatives
of the silicate polymers (TMS derivatives). When ap-
plying that method to glass structural determinations,
certain inconsistencies are found. First, when com-
paring the results from TMS derivatives to structural
data derived from Raman spectroscopy of the same
materials, the results differ (compare, for example,
the results of Lentz, 1964 with Brawer and White,
1975 for the system Na,0-SiO,, and the data for the
system PbO-SiO, by Smart and Glasser, 1978 and
Furukawa et al., 1978). Second, the results obtained
with chromatographic characterization of TMS de-
rivatives are internally inconsistent. Furthermore, the
yield of the derivation technique is never 100%. For
example, Lentz (1964) published results for the pro-
portion of structural units in 2Na,O - SiO, glass,
which produced monomers (43.5%), dimers (19.8%),
trimers (10.0%), and tetramers (9.6%). These propor-
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tions total to 87.9%. The bulk NBO/Si of this total is
2.84. If it is assumed that the remainder of the mate-
rial is that of a pentamer (NBO/Si = 2.4), addition of
this proportion to that total NBO/Si yields bulk
NBO/Si = 2.79 for 2Na,0O - SiO, glass. If the un-
reacted remainder included polymers that were more
polymerized than that of a pentamer, the bulk NBO/
Si would be even smaller. For lead orthosilicate
(Smart and Glasser, 1978), the result of a similar cal-
culation is NBO/Si = 2.76. Inasmuch as ortho-
silicates have an overall NBO/Si = 4, the results
from TMS derivatives indicate that the silicate poly-
mers condensed during preparation of the derivative.
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Similar results are obtained when calculating bulk
NBO/Si for more silica-rich glasses. The existence of
such problems has been further documented by Ku-
roda and Kato (1979), who showed that the chro-
matographic results depended on the type of silylat-
ing agent used to form the derivatives.

Another feature of polymer models for silicate
melt structure is a positive correlation between order
and proportion of silicate polymers and bulk NBO/
Si of the melt. In Raman spectroscopic studies, such
an evolution would result in a successive increase of
the frequency of Si—O stretch bands as the number of
Si** cations in the polymers increases (e.g., Lazarev,
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Fig. 8. Raman spectra of quenched NaAlSi,O¢ (a) and NaAlSi;Og (b) melts as a function of pressure.
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1972; Brawer and White, 1975; Furukawa and White,
1980; see also Table 3). On this basis it would be ex-
pected that if anionic structural units with degree of
polymerization between dimers and chains were
formed in melts on the various binary silicate joins
such as those discussed above (see Figs. 2 and 3), new
bands would occur or bands such as that near 900
cm~’ would shift to higher frequency as the M/Si of
the melt is decreased. There is no such spectroscopic
evidence in our data or in any related published data
(Brawer and White, 1975, 1977, Furukawa et al,
1978; Verweij and Konijnendijk, 1976; Verweij,
1979a,b; Furukawa and White, 1980). We conclude,
therefore, that structural units with NBO/Si between
that of a dimer and that of a chain (3 and 2, respec-
tively) do not exist in significant amounts in silicate
melts.

The structural unit with NBO/Si = 2 has been re-
ferred to as a chain structure. Ring structures have,
however, the same NBO/Si. The idea of ring struc-
tures in silicate melts has experimental support in ex-
perimental studies of TMS derivatives of silicate
melts (e.g., Masson, 1977). Ring structures have also
been suggested in melts on binary alkali metal-sili-
cate joins on the basis of the viscous behavior of such
melts (e.g., Tomlinson et al., 1958; Mackenzie, 1960,
p. 205; Bockris and Reddy, 1970, p. 612). In view of
the discussion above, it is not clear whether TMS
data give an accurate description of the structure of
the melt.

Mass balance considerations require that the melts
with M, C, and S-bands need at least one structural
unit with NBO/Si less than 2. We suggest that the S-
band in Figures 2 and 3 reflects vibrations in such a
structural unit. Consider, for example, the spectrum
of Wo (CaSi0O,) in Figure 2. The Wo composition
has bulk NBO/Si = 2. The strong 870 cm™' and an
even stronger 970 cm™' band are due to the presence
of structural units in the melt with 4 and 2 NBO/Si,
respectively. In order to maintain mass balance of
oxygen and silicon, there must be structural units in
this melt that have NBO/Si less than 2. Careful anal-
ysis by in particular Verweij (1979a,b) and Furu-
kawa and White (1980) and also by Virgo et al
(1980) has led to the conclusion that the band in the
frequency range between 1070 and 1100 cm™ in the
MO-SiO, and M,0-Si0O, melts most likely is a
stretch vibration from a unit that has NBO/Si = 1.
One might suggest that such a vibrational mode
could stem from end units in a linear structure. Such
an interpretation does not, however, provide for
structural units that satisfy the mass balance of the
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melt. It might also be suggested that the presence of
branched chains or multiple chains in the melt con-
stitutes the structural unit(s) with NBO/Si less than
2. The end result of the evolution of such branching
is, of course, an infinite sheet. The frequency of the
band in question (denoted S in Figs. 2 and 3) does
not shift with changes in M/Si. Its intensity increases
with decreasing M/Si, however. On this basis, we
conclude that the NBO/Si of this structural unit does
not vary with changes of bulk NBO/Si of the melt.
The possibility of a branched chain is considered un-
likely for two reasons. First, there is no experimental
evidence for the presence of such structures in silicate
melts (branched chains with NBO/Si less than 2).
Second, according to a survey by Dent Glasser
(1979), branched chains do not occur in minerals. In-
stead, chains and sheets are formed. There is no clear
reason, therefore, why one would expect such a struc-
ture in a melt.

En, kcal/SiO2

1 1
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Mole % oxide

0 I I
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Fig. 9. Activation energy of viscous flow of binary melts on
alkali metal-silicate and alkaline earth-silicate joins. The
activation energy (E,) is recalculated to a constant number of SiO,
units (1). Data from Bockris and Léwe (1954), Bockris et al.
(1955), MacKenzie (1960, p. 201) and summary of data by Bockris
and Reddy (1970, p. 604).
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An option that does exist to explain the 1070 cm™
is multiple chains. It cannot be established from the
Raman data whether the S-band (Figs. 2 and 3) is
due to an infinite sheet or a finite sheet (e.g., multiple
chains). In view of the data summarized above, it is
most likely that the structural unit has an average
NBO/Si near 1 (infinite sheet), and the structural
units represented by this Si-O stretch band in the
Raman spectra will be referred to as a sheet.

Because the relative integrated intensities of the
bands assigned to the different anionic species may
not be linearly related to NBO/Si, only a general dis-
cussion of their relative abundances in these silicate
melts is possible at this time. We suggest that mono-
mers are the most abundant species in the melts near
the orthosilicate composition and that they become
increasingly unstable with decreasing NBO/Si but
are still present in the CaSi,O;, sheet composition. In
contrast, the dimer unit has a restricted range of sta-
bility, with an apparent maximum in its abundance
between the ortho- and metasilicate compositions.
The instability of the dimer species appears to coin-
cide with the appearance of the sheet unit, and with
increasing NBO/Si the sheet and chain species in-
crease in abundance relative to the monomer units.

From the above discussion, we propose that the
equilibria relating the coexisting anionic species
(units) in silicate melts can be expressed with the fol-
lowing equations:

For 4 > NBO/Si > 2:

281,05 2 28103 + 81,04 D
for 2 > NBO/Si > 1:
381,08 « 28105 + 28i,0% 2)
and for 1 > NBO/Si > 0.1:
281,07 2 S1,08 + 2810, 3

This model of the anionic structure of silicate
melts delineates three distinct compositional regions.
Inside each region a combination of three anionic
structural units occurs. The Raman spectra provide
little information about the metal cation-oxygen
polyhedra.

Melt structure and physical properties

Binary joins. Data on thermal expansivity (e.g.,
Tomlinson et al., 1958; Bockris and Kojonen, 1960;
Robinson, 1969) indicate no compositional depen-
dence of this parameter in the compositional regions
with less than about 10-15 mole % metal oxide.
Those authors concluded, therefore, that the melts
are essentially made up of three-dimensional SiO,
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units where Na* cations, for example, are trapped in
“holes” in the melt. Thermal expansivity increases
rapidly as the molar metal oxide content is increased
beyond about 10%, which leads to the conclusion
that nondirectional anionic, metal-oxygen bonds are
responsible for the melt expansivity (Tomlinson et
al., 1958). Bockris and Reddy (1970, p. 615) pointed
out, however, that partial molar volume data for SiO,
in the same melts indicate that discrete SiO, “ice-
bergs” must remain in the structure to at least 33
mole % metal oxide. These observations are consis-
tent with the Raman spectroscopic data. The data
(Fig. 1) were interpreted to indicate that binary metal
oxide-silicate melts break down into at least three
structural units at about 10 mole % metal oxide.
These structural units are of three-dimensional type,
of sheet type (NBO/Si = 1), and of chain type
(NBO/Si = 2). We conclude, therefore, that the in-
terpretation of the Raman data leads to a structural
model that accords with thermal expansivity and par-
tial molar volume data.

The viscosity data of silicate melts on binary metal
oxide-silicate joins (e.g., Bockris et al., 1955; Bockris
and Lowe, 1954; Tomlinson et al., 1958; MacKenzie,
1960, p. 201) are particularly relevant to the anionic
structure of the melts. Bockris and Reddy (1970, p.
604), in a summary of these data, concluded that the
activation energy of viscous flow, En, show three dis-
tinct regions. The En decreases rapidly as metal
oxide is added to SiO, until about 20 mole % oxide is
dissolved in the melt, followed by a plateau that ex-
tends to about 50 mole % metal oxide. A further in-
crease in the metal content results in the activation
energy falling. To a first approximation, the contri-
butions to En are from breakage of Si~O bridging
bonds and perhaps from M-O bonds so as to form an
entity in the melt that can move from one location to
another in the melt (flow unit) during viscous flow. In
fact, Bockris and Reddy (1970, p. 600) concluded
that the value of En was primarily a function of the
heat of dissociation of Si-O bridging oxygen bonds
(~104 kcal/mole). A second contribution may derive
from the energy required to form the new volume
(“hole”) into which the flow unit moves (Glasstone et
al, 1941, p. 481). The latter contribution may be more
important for an understanding of the absolute melt
viscosity values (Lacy, 1968) than for the activation
energy of viscous flow (Bockris and Reddy, 1970, p.
600). In fact, Bockris and Reddy (1970, p. 600) con-
cluded that the value of Ex was primarily a function
of the heat of dissociation of Si—O bridging oxygen
bonds (~104 kcal/mole).
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If it is assumed that the energy of dissociation of
Si-O bonds does not vary significantly with type of
metal cation, the arguments by Bockris and Reddy
(1970, p. 600) and MacKenzie (1960, p. 201) may be
used to calculate the average number of nonbridging
oxygens per silicon that must be broken to generate
the flow unit. This value may then be added to the
original NBO/Si of the melt to calculate the average
number of nonbridging oxygen per silicon in the flow
unit [(NBO/Si)n}]. In order to carry out this calcu-
lation, the En must be converted from kcal/
mole(gram-formula weight) to kcal/Si or kcal/SiO,.
The results of such calculations are shown in Figure
9. The data base for Figure 9 is limited in that only a
few oxides have been studied over the compositional
range of the suggested three compositional regions
delineated by Bockris and Reddy (1970, p. 604).
Note that in the systems that cover the compositional
range from pure SiO, to >50 mole % metal oxide, the
En curves define three compositional regions similar
to those summarized by Bockris and Reddy. These
compositional regions correspond to the regions of
structural similarity described in equations 1-3,
within experimental uncertainty.

It appears from the data in Figure 9 that for a
given mole % metal oxide components, the En (in
kcal/Si0,) increases with increasing metal cation
size. For metal cations of a fixed size, the activation
energy of viscous flow increases as the valence of the
cation increases. If in fact the dissociation energy of
the bridging Si-O bonds is not affected significantly
by the type of metal cation, and there is no signifi-
cant contribution from M-O bonds to the value of
the activation energy, the data in Figure 9 imply that
the average NBO/Si of the fiow units during viscous
flow depends on the type of cation (Fig. 10). The av-
erage (NBO/Si)n shown in Figure 10 is derived on
the basis that the energy of dissociation of the bridg-
ing oxygen bonds is the only contribution to the
value of En. Metal-oxygen bonds and steric consid-
erations are not included. We conclude, therefore,
that the values of (NBO/Si)n in Figure 10 are mini-
mum values.

Another consequence of the above observations is
that the constancy of En over a given range of M/Si
requires that the average size of the flow unit de-
creases with increasing M/Si (Fig. 10). This con-
clusion differs from that of Bockris and coworkers
and MacKenzie and coworkers (Bockris et al., 1955,
1956; MacKenzie, 1960, p. 205; Bockris and Reddy,
1970, p. 614). Those authors proposed a “polyanionic
structure” model where in a given compositional
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Fig. 10. Calculated minimum number of nonbridging oxygens
per silicon in flow units on the joins Na,0-SiO, and BaO-S5iO,.
See text for further explanation.

range the consequence of constant En is that the
types of structural units in the melt and the types of
flow units must be the same. OQur conclusions are that
the types of structural units in the melt are similar
over the individual compositional ranges, but the size
of the flow unit may vary. The data in Figure 10 in-
dicate that the average size of the flow unit decreases
with increasing M/Si, an observation that accords
with the observation that the absolute viscosity of the
melts decreases as the M/Si decreases (see Bottinga
and Weill, 1972, for summary of data).
Aluminosilicate melts with charge-balanced AP*.
Viscosity, thermal expansion, and thermochemical
data (Riebling, 1966, Navrotsky et al, 1980) have
been used to suggest that melt compositions along
the join NaAlO,-SiO, are structurally similar. Struc-
tural data by Taylor and Brown (1979) agree with the
present data in that these melts have a three-dimen-
sional network structure. The Raman data shown
here also indicate, however, that there may be two
anionic three-dimensional structural units in the
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melts. These two units differ in their Si/(Si + Al),
whereas the value of this ratio in both units decreases
with decreasing bulk Si/(Si + Al).

The activation energy of viscous flow in SiO, melt
is about twice that of NaAlSi,O; melt (Riebling,
1966). Inasmuch as these two melts appear to have
the same structural features, it has frequently been
suggested that the decrease of  and En with increas-
ing Al content is due to the increased proportion of
weaker Al-O relative to Si-O bonds (e.g., Taylor and
Rindone, 1970). The energy of dissociation of the
bridging Al-O bonds is likely to depend on the type
of metal cation needed for local charge balance of
Al’* in tetrahedral coordination. Both n and Ey are
lowered with decreasing radius of the charge-balanc-
ing cation and with increasing electrical charge (Ros-
sin et al., 1964; Hofmaier, 1968; Riebling, 1964, 1966;
see also Bottinga and Weill, 1972 and Cukierman
and Uhlmann, 1973). For example, the viscosity of
NaAlSiO, melt is nearly an order of magnitude
greater than that of CaAl,Si,0; melt (X™*SiO, = 0.5
in both melts). The viscosity of MgAlO,-SiO, and
BaAlO,-SiO, melts at X™Si0Q, = 0.75 is near 10°
poise for the former and ~10° poise for the latter
melt. We suggest, therefore, that the strength of the
Al-O bridging bonds (heat of dissociation) in three-
dimensional aluminosilicate melts decreases as the
size of the charge-balancing cation decreases and as
its electrical charge increases. The absolute values of
the energy of dissociation of these bonds as a func-
tion of such variables is not known. It is not possible,
therefore, to estimate the size of the flow units on this
basis. The Raman data may be used to suggest a
model for at least some aspects of viscous flow in
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NaAlO,-SiO, melt and probably also other MAIO,-
Si0, and MALO,-SiO, melts. On the basis of the Ra-
man data we suggest that the most Si-rich three-di-
mensional structural units may represent the actual
flow units, whereas the majority of the AlI-O bonds
that will be broken to form the flow unit is derived
from the most Al-rich structural unit in the melt.

Aluminosilicate melts with Na/Al < 1. The viscosity
and activation energy of viscous flow decreases rap-
idly as AI’* is added to melts on the join NaAlO,—
SiO, (Riebling, 1966). Lacy (1968) commented that
there is a positive correlation between NBO/Si of a
melt and its viscosity. This conclusion accords with
the Raman data, which indicate that nonbridging ox-
ygens are formed as Na*/AP* of the melts is lowered
below 1 (Fig. 7).

Effect of pressure. The pressure dependence of the
viscosity of four melt compositions in the binary
joins discussed above was determined by Kushiro
(1976) and Scarfe et al. (1979). Of these melts, those
of Di, NS, and NS2 composition have (dn/dP), posi-
tive, whereas NS3 quenched melt has negative pres-
sure dependence of the viscosity (Table 5). Unfortu-
nately, no data are available on the activation energy
of viscous flow of these melts. It is difficult, therefore,
to assess whether the flow mechanisms of these melts
change with pressure. There is no significant change
of the anionic structure of these melts with increasing
pressure, although the proportion of the least polym-
erized unit (monomer) seems to decrease with in-
creasing pressure. Intuitively, such an evolution may
result in increased steric hindrance of viscous flow.

Scarfe et al. (1979) noted that the compressibility
of melts with a negative pressure dependence of vis-

Table 5. Changes (percentage relative to values at 1 atm) of physical properties between 1 atm and high pressure

Composition (pressure and temperature) NBO/T Viscosity Density Reference

CaMg51206 (0.001-15 kbar, 1640°C) 2 +267 +8.3 Scarfe et al. (1979)

Na25103 (0.001-20 kbar, 1300°C) 2 +650 +6.7 Scarfe et al. (1979)

N3251205 (0.001- 15 kbar, 1200°C) 1 +311 +6.3 Scarfe et _al. (1979)

KZO-MgO-SSiO2 (5-20 kbar, 1300°C) 0.8 -64 Kushiro (1977)

NaZSi3O7 (0.001-20 kbar, 1175°C) 0.67 -65 Kushiro (1976)

NaAlSi,0, (0.001-20 kbar, 1350°C) 0 =90 e Kushiro (1976)

NaA151208 (0.001-20 kbar, 1400°C) 0 -84 +21.2 Kushiro (1978a)

Olivine tholeiite (Kilauea, 1921) 0.76 -51 +12.2 Fujii and Kushiro (1977)
(0.001-20 kbar, 1400°C)

Abyssal tholeiite (45-395A-8-1-9) 0.66 -57 ik, | Fujii and Kushiro (1977)
(0.001-12 kbar, 1300°C)

Crater Lake andesite 0.27 =51 Kushiro et al. (1976)

(0.001-20 kbar, 1350°C)
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cous flow is much greater than those of melts with a
positive pressure dependence (see also Table 5). The
Raman spectra, however, demonstrate that the melts
do not show significant changes of their anionic
structure as a function of pressure (Table 2). In con-
trast to the observation at 1 atm, where the decrease
of 7 and En may be related to increasing NaAlO,/
Si0,, there is no spectroscopic evidence for any
change of Si/(Si + Al) of the structural units as a
function of pressure. The thermal expansivity of
these melts is negligible (Riebling, 1964, 1966). Bock-
ris et al. (1956) and Bockris and Reddy (1970, p. 615)
suggested that thermal expansion was primarily due
to expansion of M—O polyhedra, and that such ex-
pansion could only take place when the melt con-
sisted predominantly of large, discrete polyanions.
Evidently this reasoning does not apply to compres-
sion of melts, because the largest compressibility is
found in melts with the smallest thermal expansivity.

An explanation of the large compressibility may be
a collapse of the three-dimensional network structure
around the metal cation. This collapse may result in
an increased number of nearest oxygen neighbors of
the metal cation. Consequently, Brown (1978) sug-
gested that the effective valence of each oxygen may
decrease. A consequence of such an effect would be a
decrease of the strength of the Al-O bonds, as the ef-
fect would be the same as a decrease in the size of the
metal cation at 1 atm. The result of this collapse is,
therefore, a decreased viscosity and activation energy
of viscous flow of the melts along the join NaAlO,—-
SiO, as a function of pressure. It is also likely that
other aluminosilicate melts would show a decrease in
1 and En with increasing pressure.

Applications

Melt structures can be described in terms of three-
dimensional network units, sheets, chains, dimers,
and monomers. When the proportions of structural
units in natural magma are calculated, Al’**, Ti**, and
P** must be considered part of the network structure.
Ferric iron is a network former only when sufficient
alkalies are present for local charge balance (Mysen
et al., 1980a; Seifert et al., 1979b). The result of cal-
culations of the proportions of structural units in nat-
ural magma where their pressure dependence of vis-
cosity is known (Table 5) is shown in Table 6. In
these calculations, it was assumed that alkali alumi-
nates (MAIQO,) were formed in preference to other
complexes such as MFeO,. Any M cation left over
after the formation of MAIO, would form MFeO,.
Any alkali excess over that needed to form MFeO, is

Table 6. Compositions of rocks for which the pressure
dependence of their viscosity is known

1 2 3

SiO2 49.16 50.0 59.46
Ti0, 2,29 1.64 0.73
A1,04 13.33 15.0 17.90
Fe203 1.31 -— -
FeO 9.71 11.2% 5.18%
MnO 0.16 0.22 0.10
Mg0 10.41 8.40 3.71
Ca0 10.93 10.60 6.45
Na,0 2.15 2.70 4.23
KZO 0.51 0.13 1.47
Py0g 0.16 -— -
NBO/T 0.76 0.66 0.27
1. Kilauea 1921 olivine tholeiite (Yoder and Tilley,

1962).
2. Abyssal tholeiite 45-395-8-1-9 (Fujii and Kushiro,

1977).

3. Crater Lake andesite (Kushiro et al., 1976).
% All diron as FeO.

considered a network modifier. Any Fe** left over af-
ter all the alkali metals have been consumed is also
considered a network modifier. If there is insufficient
alkali metal present to transform the aluminum to
MAIOQ,, the alkaline earths are used to form MALO,
complexes. The proportions of tetrahedral cations
thus calculated are assigned to structural units in the
melt. Table 6 shows that basalt has NBO/T near that
of Na,Si,O, composition. The andesite melt is even
more polymerized. In view of the mechanisms for
viscous flow discussed above, the observed negative
pressure dependence of their viscosity is expected.

For melts with constant NBO/T, the values of vis-
cosity and activation energy of viscous flow depend
on the proportion and strength of T-O° bonds (where
T cations do not include Si**). For example, we sug-
gest that the melt viscosity will decrease with increas-
ing Na*/K*, Ca>*/Mg**, and Ca**/Na"* of the melt.
It is also likely that with Fe’* as a network former,
the viscosity of the melt will decrease with increasing
Fe**/Al*. The latter effect may be observed if the re-
dox ratio (Fe**/Fe**) of a peralkaline magma [(Fe’*
+ AP*) < (Na* + K*)] were allowed to increase.

It has been observed that the viscosity of hydrous
andesite and granite melt tends to increase with in-
creasing pressure, even though their anhydrous
equivalents show a negative pressure dependence of
viscosity (Shaw, 1963; Kushiro, 1978c; Kushiro ez al.,
1976). Inasmuch as solution of H,O in such melts re-
sults in a significant increase of NBO/T (Mysen et
al., 1980b), it is likely that the mechanisms of viscous
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flow of such melts resemble that of binary metal
oxide-silicate melt, where, in fact, the viscosity in-
creases with increasing pressure.

Basanites and picrites have NBO/T between 1 and
2. We suggest, therefore, that magmas of such com-
positions will show a viscosity increase with increas-
ing pressure. The pressure effect is likely to be greater
for picrite than for basanite melt because the NBO/T
is greater in picrite than in basanite.
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