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ABSTRACT

The Raman spectra of nine 0.1 MPa glass samples in the system
nepheline-diopside are presented. Nepheline glass consists of a fully polymerized
network structure with largely six-membered rings of Q4 tetrahedra. The
structure of diopside glass contains Q°, Q', Q2 and Q3 units. Intermediate
compositions with up to 18 mole% nepheline have Q0,Q', a2, Q3 and Q4
structural units. Nepheline-rich compositions contain two discrete molecular
structures with different polymerization modes (Q2 and Q4 units). This tendency
to form molecular clusters is facilitated by the inability of Ca and Mg to compete
with Na on nonframework sites in structural units having only bridging oxygens.

The viscosities of melts at 0.1 MPa in the system nepheline-diopside have
been measured using rotational and beam-bending viscosimetric techniques. The
large temperature dependence of the viscosity of diopside melt results from a
change in the mechanism of viscous flow initially characterized by the motion of
a distribution of flow units of various size, at high temperature, to one in which
the size of the flow unit is effectively that of the macroscopic system at the glass
transition. The weak temperature dependence of the viscosity of nepheline melt is
a result of the initial paucity and large size of the flow units at high temperature.
The low temperature viscosity minimum at intermediate compositions develops
as a consequence of their different viscosity-temperature profiles.

2741, 29si MAS NMR, Raman, and IR spectroscopic techniques were
employed to investigate the effect of pressure on the structure of orthoclase melt
and to evaluate water solubility mechanisms in aluminosilicate melts. No

evidence for six-coordinated aluminum was observed. Results for the anhydrous



glasses indicate that as pressuré is increased, the distribution of T-O-T bond
angles is reduced, leading to narrower peak widths at 480 cm-1 in the Raman
spectra. This reduced distribution limits the ability of the network to compensate
for the presence of three-membered rings and resuits in a distortion of the
intertetrahedral linkages associated with these configurations. Aluminum in
these energetically-unfaverable, three-membered rings may react
preferentially with H20, forming Q3-(OH) sites. This would be consistent with
the observed changes in the 27Al MAS NMR spectra. Changes in the high-

frequency envelopes in the Raman and IR spectra are not consistent with the

formation of Si Q3-(OH) sites.
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1. THESIS INTRODUCTION

The atomic and molecular configuration of a substance, and the
modification of this structure due to interactions with other materials, govern
the thermal and physical properties of chemical systems. Silicates are an
important class of chemicals where a knowledge of this relationship is
fundamental for understanding the evolution of the Earth and other terrestrial
planets. Igneous processes generally involve melting crystalline material; hence,
characterization of the liquids involved provides a basis for understanding the
mechanisms that shape our planet. Recent advances in analytical instrumentation
and laboratory simulation techniques have permitted unprecedented correlations

of the macroscopic properties of melts with the microscopic molecular and

atomic interactions.

The purpose of this thesis is 10 provide a description cf the structure of
certain silicate melts using spectroscopic and viscosimetric techniques. Two
chapters evaluate changes in the structure of the melt phase as a function of
composition (chapter 2) and the effect these changes have on the viscosity of the
melt phase (chapter 3). The fourth chapter investigates pressure-induced
changes in the structure of the melt phase and the dependence of the mechanism of

water solubility on the structure of the melt at high pressure.

1.1 Structure of CaMgSi20g-NaAlISiO4 Glasses

The melting of a mechanical mixture of chemical compounds results in an
intermingling of possibly distinct structures between the endmember
components. The degree of interaction determines such properties as thermal

expansion, viscosity and density of the melt phase and liquidus phase relations.



Several techniques have been applied to monitor changes in structure with
changing composition. For example, the Raman effect has been used extensively i?\
the geological and glass sciences (see, for example, reviews by McMillan, 1984a
and Mysen, 1988) to study structural variation in chemically related glasses as
an aid in the development of use-specific materials, and for modeling crystal-
melt equilibria.

in chapter 2, a Raman spectroscopic investigation of the structure of
glasses in the system nepheline-diopside is repoited. The structures of the
endmember components and related compositions have been the subject of
previous investigations of glasses in the systems Nax0-Al203-SiO2 and CaO-
MgO-SiO2 (Etchepare, 1972; Brawer and White, 1977; Seifert et al., 1982;
Mysen et al., 1982; McMillan, 1984b). The reasonably coherent picture of the
relationship between structural variation and composition emerging from the
spectroscopic investigations of these simple systems can now provide a
foundation for the interpretation of spectra of more complex multicomponent
systems (e.g. nepheline-diopside). The present Raman spectroscopic study was
undertaken to determine the mixing behavior of two compositions of widely
contrasted polymerized modes. The system nepheline-diopside was chosen
besause it is a synthetic analogue of alkaline basalts (Bowen, 1928), and unlike
other diopside-aluminosilicate systems, olivine is a liquidus phase (Schairer et
al., 1962). Melt structure and the role of aluminum are discussed and compared

with the results of other spectroscopic and calorimetric investigations of

chemically related systems.

1.2 Viscosity of Silicate Melts: Relationship to Structure



Viscous flow is the cumulative result of local rearrangements of the bond
structure (Lacy, 1967). The viscosity of a melt, therefore, is dependent on the
cooperative rearrangement of 'flow-units' and on the number of nonbridging
oxygens. For example, a decrease in temperature results in an increase in melt
viscosity because translational motion becomes sluggish and inhibits the number
of possible cooperative rearrangements. The random network of nepheline melt ~
has a high viscosity because all tetrahedra have four bridging oxygens, whereas
diopside melt has a low viscosity because of a greater number of nonbridging
oxygens bonded to a given tetrahedrally-coordinated silicon.

In chapter 3, the results of an investigation of the viscous properties of
melts in the system nepheline-diopside are reported. The viscosity-
temperature-composition relationships are discussed in the context of the
structural interpretation in chapter 2. The results are compared to the viscous

properties of related systems and qualitatively assessed using the configurational

entropy theory of Adam and Gibbs (1965) and Richet (1984).

1.3 Solubility of Water and Coordination of Aluminum in Silicate
Melts

Studies pertaining to the thermal and chemical structure of the earth
require a knowledge of the effect of pressure on phase relations and physical
properties of silicate materials. Pressure-induced changes in coordination of
cations in crystalline silicates have been well documented (Akaogi et al., 1989;
Katsura and lto, 1989), and similar coordination changes have been proposed for
melts (Waff, 1975; Kushiro, 1976, 1978; Boettcher et al., 1984). Aluminum

has recelved a considerable degree of attention for several reasons. Firstly,



framework aluminosilicate melts are easily quenched to a homogeneous glass
phase at high pressure , and secondly, pressure should induce a coordination
change in the larger Al cation before the smaller Si cation. The chemical
evolution of a melt, and its physical properties, may be significantly altered by
the transformation of Al from four to six coordination. For example, the
formation of immiscible regions may be facilitated by the exchange of network-
modifying cations from Si tetrahedra to Al octahedra.

The dissolution of water produces significant changes in silicate
mineralogy and in the properties of silicate melts at high pressure. Water
decreases liquidus temperatures and increases the stability fields of
depolymerized mineral structures relative to polymerized minerals (Yoder,
1958, 1965). Hydrous melts also have faster cation diffusion rates and lower
viscosities than their anhydrous equivalents (Watson, 1981; Dingwell, 1987).
In order to explain these features of hydrous meits, water solubility mechanisms
in aluminosilicate systems generally invoke a disruption of the extended network
and the production of nonbridging oxygens (Stolper, 1982; McMillan et al.,
1983; Mysen and Virgo, 1986a,b). The formation of nonbridging oxygens in
hydrous framework aluminosilicate melts may facilitate a change in the
coordination of Al. For example, pressure-induced changes in Si coordination in
high pressure SiO2-Na20 glasses are maximized at the sodium tetrasilicate
composition (i.e. when the average number of nonbridging oxygens per
tetrahedron equals one (X. Xue, pers. comm.)).

In chapter 4, a 27Al, 29Si MAS NMR, Ramaﬁ, and IR spectroscopic
investigation of anhydrous and hydrous KAISi3Og glasses quenched from high-

pressure is reported. KAISi3Og was chosen because the structure of the glass at

&



01 MPa is well characterized and the hydrous composition was quenchable at <7
GPa. Results are compared to previous investigations of anhydrous and hydrous
albite glass. It was found that the proposed water solution mechanism was
dependent on an accurate description of the structure of the high pressure

anhydrous glass, which earlier investigations have ignored.

The investigations contained in this thesis assume that the structure of
the glass is equivalent to that of the melt from which it is quenched. Several
Raman and IR studies have shown that the .01 MPa glass and melt spectra are
broadly similar and can be considered isostructural (Sweet and White, 1969;
Sharma et al., 1978; Seifert et al., 1981). At present, it is not known if
pressure-induced coordination changes in aluminosilicate glasses can be
preserved during quenching. Ohtani et al. (1985) raport the presence of high-
coordinated Al in albite glasses quenched from high pressure and temperature.
However, their results were not confirmed in a similar study of high pressure
alite glasses by Stebbins and Sykes (1990). Williams and Jeanloz (1988)
performed in-situ IR measurements on anorthite glass at room temperature
produced from the amorphitization of crystalline anorthite, and found that
coordination changes were not preserved at pressures below 8 GPa. The
applicability of their room temperature study to the present investigation is
unclear, because the process of amorphitization may differ from the formation of
a glass by quenching from high temperature. Further in-situ studies at high

pressure and high temperature may resolve these uncertainties.
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2. MELT STRUCTURE IN THE SYSTEM NEPHELINE-DIOPSIDE

2.1 INTRODUCTION

A knowledge of the structure of silicate melts is pertinent to our
understanding of the physical and thermochemical properties-governing the
generation and evolution of magmatic liquids. This importance is evidenced by the
number of spectroscopic tocls that have been applied to probing atomic structure
and molecular speciation (IR, Raman, MAS NMR, XAFS, XANES, and others).

The present Raman spectroscopic study investigates the structure of a

number of glasses related by the mixing of Al-bearing (polymerized) and Al-

free (depolymerized) melt compositions. The system NaAlSiO4-CaMgSi2Og was
chosen because of its non-ideal mixing behavior (Schairer et al., 1962), and its
usefuiness as an analogue of alkaline magmas. The presence of olivine as a
liquidus phase (Schairer et al., 1962) is unique, with respect to other diopside-
aluminosilicate systems, and suggests that structural variation along this join
may provide some insight on the thermochemical properties of the mixing
process.

Results are discussed with regard to previous spectroscopic and
calorimetric investigations of the end-members and related systems. The current

results will be used as the basis for a later discussion concerning the viscous

properties of these liquids.

2.2 METHODS



Glass samples were prepared from reagent grade oxides and carbonates.
Silicic acid and AloOg were dried at 1400°C, MgO at 1200°C, and NaCO3 and
CaCO3 at 500°C for six hours. Powders were then ground and mixed in a ball mil
for one hour. Mixtures were placed in 500 cm3 platinum crucibles and
decarbonated at 900°C for twenty hours. Glasses were produced by heating the
mixtures to 1650°C for four hours then pouring the melts onto a steel slab. All
glasses, except DFO (see Table 2.1), were annealed at 600°C. All glasses were
analyzed by Christine Payette at the University of Saskatchewan using a JEOL JXA
8600 Superprobe set up for wavelength dispersive analysis. Diopside, aimandine
and jadeite were used as etandards and the data were reduced using a ZAF
correction routine. Analyses of glass compositions are given in Table 2.1.

The Raman spectra of nine samples were collected using a Spex 1403
Raman spectrometer. Polished glass samples, approximately 3x3x3 mm, were
excited with the 514.5 nm line of an Art laser having a source power of 300 mW
at the sample. A 90° scattering geometry was used. Spectra were collected at 2
cm-! steps with count times of 10 sec/step and using 4 cm-1 slits. A polarizer
was mounted in front of an optical scrambler to measure the parallel and
perpendicular components of the scattered radiation. The spectra were not

corrected for background scattering.

2.3 RESULTS

The spectra for the end-members (Figure 2.1a,b) are similar to
previously published results (Etchepare, 1972; McMillan et al., 1982; Seifert
et al., 1982; Mysen et al., 1982; McMillan, 1984: Matson et al., 1986). Band

10



assignments are discussed in terms of vibrational modes in Q" species, where Q

represents a silicate or aluminate tetrahedron bonded to n number of bridging

oxygens (Matson et ai., 1983).

Nepheline

There are four dominant topological features in the spectrum of nepheline
glass (Figure 2.1a,b). These features include two peaks in the low-frequency
region at 490 cm-1 and 560 cm-1, a broad mid-frequency envelope between 700
cm-! and 800 cm!, and a high-frequency envelope between 900 cm-1 and 1100
cm"‘.

The intense polarized band at 490 cm-! results from a delocalized
vibrational mode involving the symmetric stretch of bridged oxygens in T-O-T
linkages (Bates, 1972; Brawer, 1975; Sharma et al., 1981; McMillan et al.,
1982). These T-O-T linkages form a fully polymerized network consisting of
six-membered rings of tetrahedra (Tayior and Brown, 1979).

The intensity of the polarizcd 560 cm-! peak increases with NaAlO2-
content on the SiO2-NaAISiO4 join to a maximum at the composition of nepheline
(Sharma et al., 1978; Virgo et al., 1980; Mysen et al., 1980; McMillan et al.,
1982; Seifert et al., 1982). The origin of the 560 cm-! band is controversial.
McMillan et al. (1982) indicate the band arises from transverse oxygen motion
in Al-O-Al linkages, while Matson and Sharma (1985) suggest the presence of a
Al3+.stabilized defect structure, the nature of which is not discussed. Henderson

et al. (1985) assigned the 560 cm-! band to vibrations in planar 3-membered

11



12
ring configurations similar to interpretations of the 606 cm-! (Galeener,

1982) and 490 cm-! (Revesz and Walrafen, 1983) bands of SiO2.

A band group between 700-800 cm! is present in all fully polymerized
glasses and is generally attributed to motion of the tetrahedral cation (Si,Al)
within its oxygen cage (Laughlin and Joannopoulos, 1977; Sharma et al., 1984).

The high-frequency envelope between 800 cm-! and 1100 cm-1 results
from the antisymmetric streiching modes of Si-O bonds in Si-O-T linkages
(Virgo et al., 1980; Mysen et al., 1980; McMillan et al., 1982; Matson and
Sharma, 1985). The envelope is composed of at least two bands (960, 1080 cm”

1) with different depolarization ratios (Figure 2.1b).

Diopside

The low-frequency region of the spectrum of diopside glass (Figure
2.1a,b) has a broad envelope of weak intensity between 300 cm-? and 500 cm'1.
Bands attributed to a rocking motion of the network modifying cations are
believed to contribute to the intensity of this region (Etchepare, 1972). The
strong polarized band at 637 cm-! results from the symmetric stretch of Si-BO
(bridged oxygen) bonds (Mysen et al., 1980; McMillan, 1984). The vibrational
modes producing this band are thought to be highly localized, and therefore,
preclude any interpretation of the intermediate-range order. However, the band
is present in all glasses of metasilicate composition and may be used to indicate
the presence of silicate tetrahedra with an average of two non-bridging oxygens

(Q2 species; Brawer and White, 1975; McMillan and Piriou, 1983).
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The high-frequency envelope of diopside can be described in terms of

combinations of four highly polarized bands at 105¢ cm-1, 970 cm-1, 900 cm”

1 and 880 cm-1 (Figure 2.1b; McMilian, 1984). Previous studies on M20- and
MO-SiO2 glasses (Brawer and White, 1975; Verweij and Konijnendijk, 1976;
Konijnendijk and Stevels, 1976; Kashio et al., 1980; Furukawa et al., 1981;
Mysen et al., 1980, 1982; McMillan, 1984) indicate these bands result from
symmetric silicon-oxygen stretching vibrations in silicate units with one (@3
species), two (Q2 species), three (Q! species), and four (Q0 species)

nonbridging oxygens per tetrahedron, respectively.

|ntermediate Compositions

The 490 cm-1 band of nepheline is resolved in spectra of compositions
with as much as 66 mole% diopside (Figure 2.1a). The increased intensity in the
low-frequency region of the spectra of DN82 and DN90 glasses relative to the
spectra of diopside are consistent with the presence of the 490 cm-1 band in
these spectra. There is no apparent shift in the frequency of the 490 cm-1 band
with composition. The 560 cm-! band seen in nepheline is present in all
compositions except diopside. The ratio of the relative intensities of the 560 cm”
1 and 490 cm™! bands is constant between nepheline and DN18, then decreases at
DN40 and remains constant between the spectra of DN40 and DN66.

The frequency of the 637 cm-1 band in diopside increases to 660 cm™! in
DNg0 and DN82, and to 668 cm-! in DN66 and DN50 (Figure 2.1a). This shift
in the peak maximum 1o higher frequencies may be a result of the appearance ofa

band at 700 em-! resulting from stretching vibrations in Q' species (Lazarev,
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1972). The increased intensity of this region in the cross-polarized spectra

(Figure 1b), however, indicates the growth of a weakly polarized band, possibly
related to the 700-800 cm-1 band group of nepheline. The growth of the mid-
frequency envelope near 700 cm-! obscures the presence of the 637 cm! band
in nepheline-rich compositions.

in the high-frequency envelope, the intensities of the low- and high-
frequency shoulders decrease relative to the peak maximum of the high-
frequency envelope as nepheline content increases. In the spectrum of DN66, the
low-frequency shoulder becomes unresolvable and the high-frequency shoulder

is present only as an asymmetric tail on the high-frequency envelope (Figure

2.1a).
2.4 DISCUSSION

The melting of a diopside crystal disrupts the long-range order and vo-
periodicity of the crystalline lattice to produce a liquid with a variety of
molecular structures. The distribution of these structures may be described by
an equation relating the number of bridging oxygens of each molecular site (Virgo
et al., 1980; Mysen et al., 1980, 1982, 1985: Murdoch et al., 1985)

Q+Q3=Q'+ Q%2 (1).
The addition of nepheline introduces structural units containing only bridged
oxygens (Q* species), which increases the bulk polymerization of the melt. A

new equation is then necessary to describe the distribution of molecular

structures
Q0+Q4=Q'+03 (2).



With continued addition of nepheline, the degree of polymerization is increased
sufficiently for melt compositions to be represented by the equilibrium
2Q3=02+Q4 (3).

Nepheline-diopside spectra may be interpreted in the context of the above
equilibria. In DNSO and DN82, the increase in intensity of the 900 cm1 band
relative to the peak maximum of the high-frequency envelope, with increasing
nepheline content, is consistent with an increase in Q! units (equation 2).
Similarly, the growth of the high-frequency shoulder near 1050 cm-1 indicates
an increase in Q3 units (equation 2). Compared to the diopside spectrum, the
intensity of the 880 cm-! band in DN90 decreases relative to the peak maximum,
consistent with a decrease in the number of QO units.

The cross-polarized spectra of DN90 and DN82 (Figure 2.1b) indicate
the presence of at least two depolarized bands near 960 cm-1 and 1080 cm!
contributing to the intensity of the high-frequency envelope. These bands are
associated with Si-BO vibrational modes in Q4 tetrahedra and are consistent with
the presence of Q¢ tetrahedra in DNS0 and DN82 glasses.

Interpretation of features in the high-frequency envelope becomes
difficult in compositions more nepheline-rich than DN82, because of the
symmetric featureless character of the envelope (Figure 2.1a). However, the
depolarized 1080 cm-1 and 960 cm™! bands are evident in the cross-polarized
spectra (Figure 2.1b). In DN66, the 1080 cm- and 960 cm-! bands along with
the §60 cm™! and 480 cm-! bands arise from stretching vibrations in Q* units,
whereas, the 637 cm™} band is associated with vibrational modes in Q2 units. The

presence of the 637 cm-! band in DN66 indicates a band near 970 cm-1, which

15
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results from symmetric silicon-oxygen stretching vibrations in Q2 silicate

units, must also contribute to the intensity of the high-frequency envelope.
Previous studies (Mysen et al., 1982, 1985) have shown that
compositions as polymerized as DN66 should have a distribution of G2, Q3 and Q*
silicate units (equation 3). In contrast, the present spectra indicate only two
silicate units, Q2 and Q4. Stretching modes in Q3 units produce intense bands near
1050 cm-! and 570 cm-1. The highly polarized character of these bands and
their proximity to the 1080 cm-1 and 560 cm-! bands of the Q* units may mask
any contribution to the intensity of the spectra from Q3 units. In order to
determine the possible existence of unresolved bands resulting from stretching
modes in Q3 units, ten mole percent Mg2SiO4 (forsterite) was added to the DN50
glass (sample DFO). If Q3 units are present, the addition of forsterite should
depolymerize the glass and increase the proportion of Q2 and Q3 tetrahedra
relative to Q% tetrahedra. This would result in an increase in the intensity of the
spectrum at 1050 cm-! and 570 cm-! resulting from an increase in the
proportion of Q3 units. In contrast, a comparison of the spectra of DFO and DNSO0
(Figure 2) reveals only an increase in the intensity of the high-frequency
envelope near 970 cm-1, consistent with the presence of only Q2 and Q4 units.
The behavior of the low-frequency region (300-600 cm-1) can be
interpreted based on a model favoring smaller ring configurations with addition
of diopside. Nepheline consists of a fully polymerized network structure of Q%
tetrahedra. In crystalline nepheline, Al-avoidance (Loewenstein, 1954) is
strictly obeyed (Stebbins et al., 1986; Stebbins, 1987) with each AlO4-
tetrahedron surrounded by four SiO4-tetrahedra. However, the extra degrees of

freedom in the glass phase allow for some Si-O-Si linkages with antisymmetric



stretching modes appearing at 1080 cm1 in the glass spectra (Figure 2.1a,b;
Matson and Sharma, 1985). The Si-O-Si linkages in nepheline glass may be
concentrated preferentially in the three-membered ring configurations

involving an AlO4-tetrahedron. The assignment of the 560 cm-! band to
symmetric stretching modes in these smaller ring configurations (Henderson et
al., 1985) is consistent with the studies of Galeener (1 982), Revesz and
Walrafen (1982) and Galeener and Geiésberger (1983). Galeener (1982)
calculated the optimum T-O-T bond angle in three-membered rings to be 1309,
which is the same as the most stable Si-O-Al bond angle calculated by De Jong and
Brown (1980).

These observations are consistent with the behavior of the 560 cm™! band
in the SiO2-NaAISiO4 system. Substitution of NaAl for Si results in a decrease in
the frequency and an increase in the intensity of the band (Seifert et al., 1982;
McMillan et al., 1982), which would be a result of increased participation of the
aluminate tetrahedra in the available three-membered rings. At nepheline, the
intensity of the 560 cm-! band reaches a maximum because every three-
membered ring contains an AlO4 tetrahedron.

Based on the evidence above, an increase in the ratio of the relative
intensities of the 560/490 cm-! bands between DN18 and DN40 (Figure 2.1a)
would resuit from an increase in the number of smaller rings. The presence of a
hidden band cannot account for the invariance in the position of the 560 and 490
cm-! peaks nor can it account for the constant ratio of peak intensities between
DN40-DN66 (including DFO).

The present interpretation of the vibrational spectra is consistent with a

large portion (DN18-DN66) of the compositional join exhibiting a tendency to

17
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unmix into discrete polymerized (Q%) and depolymerized (Q2) regions. This

tendency towards incipient immiscibility has also been observed in the system
Si02-CaMgSi2Og. McMillan (1984) suggests the clustering is a result of the
reaction represented in equation (3) being driven to the right for small doubly-
charged cations because of the higher charge concentration offered by the Q2 site
relative to the Q3 site. Similarly, the formation of immiscible regions in
nepheline-diopside and similar diopside-aluminosilicate systems may be related
to mixing properties on the non-framework sites. Kleppa (1977) and Navrotsky
et al. (1980) have shown that mixing of non-framework cations is most
exothermic in the sequence Ca-Mg > Ca-Na > Ca-Mg-Na. This correlates well
with heats of mixing in diopside-aluminosilicate systems. Diopside-anorthite and
diopside-CaTs systems have negative heats of mixing (Navrotsky et al., 1980,
1983) and show no tendency to ciuster into discrete polymerized and
depolymerized regions (McMillan et al., 1982; Taniguchi and Murase, 1987).
Positive heats of mixing (Navrotsky et al., 1980), glass-glass immiscibility
(Henry et al., 1983), and molecular clustering (Dickinson and Scarfe, 1990)
are characteristic of diopside-albite. The development of molecular clusters in
diopside-nepheline and in diopside-albite is consistent with an inability of Ca and
Mg to compete with Na to charge-balance fully polymerized aluminosilicate
network structures (Roy and Navrotsky, 1984). it is suggested that the net heat
effect observed in diopside-aluminosilicate systems depends on the mixing
properties of the non-framework cations, with the magnitude of the heat effect

depending on Al/(Al + Si) (Navrotsky et al., 1983).

2.5 CONCLUSION
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Stretching modes in Q9, Q!, Q2 and Q3 sites contribute to the vibrational
spectra of diopside glass. The addition of nepheline results in the appearance of
bands associated with O sites, an increase in the intensities of the bands
associated with the Q1 and Q3 sites, and a decrease in those arising from QO and Q2
sites. Nepheline-rich compositions (< 66 mole% diopside) contain only Q2 and
Q4 tetrahedral sites. This molecular clustering is due to the inability of Ca and
Mg to compete with Na as a charge-balancing cation. The present investigation
suggests that the aluminate tetrahedra in nepheline glass are strongly partitioned
into three-membered ring configurations, and that the proportion of these

smaller rings increases with increasing diopside component.



Table 2.1 Compositions of nepheline-diopside glasses used in this study
(DN90 = 90 mole% diopside + 10 mole% nepheline). Oxides are
in weight percent. Samples were analyzed using a rastered 10
um?2 diameter beam with an operating voltage of 15kV and a
probe current of 10 nA. Compositions are an average of 5
analyses from each sample.

Diop DN90 DN82 DN66 DNSO DN40 DNi8 Neph DFO
Si0» 55.39 53.92 5272 50.59 48.41 47.07 44.77 4256 47.49
AlO3 - 441 755 1400 19.85 24.30 30.37 3591 19.27
MO 1839 1662 1432 1125 7.69 6.01 261 - 10.91
CO 2571 2254 2021 1602 11.00 893 3.83 - 10.95
NaoO - 072 468 810 1221 1461 1833 21.67 11.44
total 99.49 100.21 99.48 99.96 99.16 100.92 99.91 100.19 100.06
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Figure 2.1 (a) Raman spectra of glasses in the system nepheline-
diopside. Spectra are of the parallel component of the scattered
radiation. Peak assignments are discussed in the text.
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3. VISCOSITY-TEMPERATURE RELATIONSHIPS AT 0.1 MPa IN THE

SYSTEM NEPHELINE-DIOPSIDE

3.1 INTRODUCTION

The viscous properties of magmas are important parameters governing
the generation and evolution of igneous rocks. For example, magmatic processes
such as the formation and separation of melt from the source, convecilon, crystal
fractionation, diffusion, and magma mixing are dependent on the viscosity of the
molten phase. It is evident that the successful development of petrogenetic models
relies on an understanding of the mechanism of viscous flow in igneous systems.

Viscous flow can be interpreted within the context of the configurational
entropy model of relaxation processes (Adam and Gibbs, 1965; Richet, 1984),
which states that the viscosity is inversely proportional to the configurational
entropy of the melt. Investigations of the viscous behavior of feldspar and
diopside composition melts using the configurational entropy model have
successfully reproduced the viscosity-temperature relationships on a
quantitative basis (Richet, 1984; Hummel and Arndt, 1985; Tauber and Arndt,
1986, 1987). Unfortunately, quantitative descriptions require thermodynamic
data not readily available for most silicate compositions. In lieu of the necessary
thermodynamic information, a knowledge of the structure of the melt combined
with the viscosity-temperature data can provide important insights into the
mechanisms of viscous flow, and to first order, the temperature and
compositional dependence of the configurational entropy.

In the present paper, the viscous properties of melts in the system
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NaAlISiO4-CaMgSi2Os (Ne-Di) are reported. The viscosity-temperature-

composition relationships are discussed with reference to the structure of the
glasses reported in Chapter 2 (Sykes and Scarfe, 1990). The results are
compared to the viscous properties of related systems and qualitatively assessed

using the configurational entropy model of Adam and Gibbs (1965) and Richet

(1984).
3.2 METHODS

Glass compositions were prepared from reagent grade oxides and
carbonates. Silicic acid and Al2O3 were dried at 1400°C, MgO at 1200°C, and
NapCO3 and CaCOg3 at 500°C for six hours. Powders were then ground and mixed
in a ball mill for one hour. Glasses were produced by loading the mixtures in 500
cm3 platinum crucibles and heating to 1650°C for four hours then pouring the
melts onto a stes! slab. The samples used for viscometry are from the same
starting material as the samples used in Chapter 2. Compositions are given in
Table 2.1.

High-temperature melt viscosities were monitored using Brookfield LVTD
and HBTD rotational viscometers. Measurements were performed by rotating a
Pt20Rh spindle (0.5 cm diameter, conical ends), immersed to a fixed depth,
inside a Pt20Rh crucible (3.5 cm diameter) used to contain the melt. The torque,
or viscous drag, exerted on the spindle is measured by the deflection of a
calibrated spring attached to the pivot shaft. The angular displacement is
converted to a millivolt signal and displayed by digital readout on the viscometer

head. Melt viscosities were determined from a set of calibration curves derived
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from NBS standard glasses 710 and 711. The accuracy and precision of the

measurements were obtained from alternating determinations of the viscosities
of the standard and sample glasses. Viscosities are accurate to +5% with a
precision of +3%.

Measurements were performed over the temperature range 1250-
1500°C. Viscosities were recorded at successively lower temperatures at
intervals of 25°C or 50°C, after one hour equilibration times. Measurements
were repeated over the same intervals up-temperature. Thermal equilibration of
the sample was gauged by the invariance of the viscometer readout over a five
minute interval. Temperatures were monitored using a Pt-Pt13Rh thermocouple
located adjacent to the sample crucible and in the hot zone of a MoSi» furnace.
Temperatures in the hot zone were uniform throughout the length of the crucible
and have uncertainties of +5°C. The viscosity-temperature relationship for
nepheline melt could not be determined due to its high melting temperature. The
nepheline melt viscosities reported by Riebling (1966) are used instead.

Low-temperature (supercooled) melt viscosities were measured at
Corning Glass Works, courtesy of Dr. J. Dickinson Jr., with a custom-built
beam-bending viscometer designed after Hagy (1967). Measurements were
performed by recording the deflection of rectangular glass beams (5.3x0.3x0.3
cm) as a function of time. Cooling rates of -300°C/hour and a load weight of
243.7 g were employed. Viscosity and temperature were recorded at regular
intervals and stored electronically. The instrument was calibratec! using NBS
standard glasses 710 and 711. Viscosities are accurate to +6% with a precision
of +3%. Temperatures were monitored using a Pt-Pt13Rh thermocouple and

have uncertainties of +1°C.
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3.3 RESULTS

Viscosity-temperature data are given in Table 3.1. The fundamental unit
of viscosity measurement is the poise, which is equivalent to 0.1 Pa-s.
Accordingly, the results are presented in the form of the log of the coefficient of
viscosity (log 7); the viscosity measured in units of poise. Viscosities for each
composition were independent of shear rate (0.1 s'1 10 20 s-1), indicating
Newtonian behavior. High-temperature melit viscosities decrease with increasing
temperature, and at constant temperature, decrease with increasing diopside
component (Figure 3.1). Log n versus reciprocal temperature relationships for
melt compositions with more than 50 mole% diopside are nonlinear. For
compositions DN10 and DN30, the temperature dependence of the viscosity is
Arrhenius (Figure 3.1). The present results for the viscosity of diopside melt
are lower than the values reported by Scarfe et al. (1983), but agree within the
combined uncertainties.

The low-temperature (supercooled) melt viscosities are recorded in
Table 3.1 and presented in Figure 3.2. In contrast to the high-temperature
results, there is an isothermal viscosity minimum at low temperature (Figure
3.3). The combined data sets show the log n-reciprocal temperature
relationships for all compositions are nonlinear (Figure 3.2) and best fit by the
Tammen-Vogel-Fulcher (TVF) equation (Fulcher, 1925)

log q = A + BI(T-To) (1)

where 1 is the viscosity in poise and A, B, and T, are adjustable parameters

(Table 3.2).



3.4 DISCUSSION

Viscosity and Composition

One method of evaluating the viscous behavior of mélts is to relate the
viscosity to the degree of polymerization. NBO/T (nonbridging oxygens to
tetrahedrally coordinated cations) is a measure of the degree of polymerization of
a silicate melt and can be calculated from its bulk chemistry (Mysen et al.,
1982). Nepheline has an NBO/T of 0 and is considered fully polymerized,
whereas diopside has an NBO/T of 2 and is considered depolymerized. The lower
melt viscosities with increasing diopside component (Figure 3.1) reflect this
decrease in bulk polymerization. This dependence is also expressed in the
systems NaAlSizOg-CaMgSi2Og (Ab-Di; Scarfe and Cronin, 1986) and
CaAl2SipOg-CaMgSi2Og (An-Di; Scarfe et al., 1983), where mclt viscosities
increase with increasing feldspar component (NBO/T=0). Similarly, the
viscosities of melts in simple binary MO, M20-SiO2 systems increase with SiO2
because of an increase in the number of Si-O-Si intertetrahedral tinkages, and
consequently, a more polymerized melt structure (Shartsis et al., 1952;
Bockris and Lowe, 1954; Bockris et al., 1955).

The mechanism of viscous flow in silicate melts is the cumulative result
of local rearrangements of the bond structure (Lacy, 1967). Viscous flow
proceeds by the translational and rotational motion of flow units formed by the
disruption of the silicate melt structure (Seddon, 1939; Lacy, 1967). The

concept of a flow unit is not rigorously defined, but the size of the flow unit can
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be related 1o the degree of polymerization of the melt phase. Flow is initiated
when the thermal energy of the system becomes sufficient to overcome the
potential energy barriers of local bond configurations (Hummel and Arndt,
1985). Accordingly, the weak Si-O-M linkages (silicon-nonbridging, Si-NBO,
bonds) are preferentially broken and act as the focal points of the flow process.
Consequently, the size of the flow units decrease with increasing NBO/T which
corresponds to the decrease in melt viscosity with increasing NBO/T (Mysen et
al., 1980).

Melts of orthosilicate composition have the most deploymerized
compositions (NBO/T=4) in the system M2Si04-SiO2. The melt structure can be
described as consisting predominately of isolated silicate tetrahedra bounded by
four nonbridging oxygens (QO tetrahedra where Q" is a tetrahedron with n
bridging oxygens). As such, the size of the flow units may be of the scale of
individual tetrahedron. Melts of diopside composition contain more polymerized
tetrahedra (Q0, Q', Q2 and Q3 tetrahedra; Mysen et al., 1980; McMillan, 1984).
Two possibilities exist for the increase in viscosity from orthosilicate
compositions to the more polymerized diopside (metasilicate) composition. First,
the size of the flow units remain that of isolated tetrahedra and that flow becomes
more difficult because stronger silicon-bridging oxygen (Si-BO) bonds must be
overcome. And second, flow remains concentrated along Si-NBO bonds so that the
average size of the flow unit must increase. The latter observation is consistent
with the conclusion of Mysen et al. (1980) that the increase in activation energy
with decreasing M/Si in MO, M20-SiOg2 systems results from an increase in the
average size of the flow unit. Viscous flow in diopside melt may be controlled by a

distribution of flow units of various size ranging from isolated tetrahedra (Q9)
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1o units consisting of several tetrahedra (combinations of Q!, a2 and Q3

tetrahedra).
Melts on the join SiO2-NaAISiO4 have a fully polymerized network

structure consisting of six-membered fings of Q4 tetrahedra (Taylor and Brown,
1979b). As there are no nonbridging oxygens, viscous flow must occur by a
significantly différent mechanism than in more depolymerized compositions. The
decrease in melt viscosities with increasing AVSI (Riebling, 1966) may be
attributed to the increase in the number of Al-BO bonds, and therefore, a
decrease in the average strength of the bridging bonds that must be broken to
initiate viscous flow (Mysen et al., 1980; Dingwell, 1986). Anorthite is a fully
polymerized network structure consisting of four-membered rings of Q4
tetrahedra (Taylor and Brown, 1979a) and has the same AVSi ratio as
nepheline. The larger high temperature viscosity of nepheline may resuit from
its larger six-membered ring configuration and suggests that the mechanism of
viscous flow in fully polymerized network structures may depend on ring size.

it is suggested that the addition of nepheline to diopside melt results in a
progressive increase in the degree of polymerization of the flow units and an
increase in the viscosity of the melt. The mechanism of viscous flow changes from
one initially characterized by a distribution of flow units of limited size and
bounded by nonbridging oxygens to one in which the flow units are of the size of
the ring complexes of the network structure of nepheline.

The systems NazSi20s5-NagAl20s5 (NS-NA), K2Si307-NazSiz07 (KS3-
NS3) maintain constant bulk polymerization values of 1.0 and 0.67,
respectively. Their viscosity minima at intermediate compositions (Richet,

1984; Dingwell, 1986) result from cation site-disorder similar to the ‘mixed



alkali effect’ in molten salt solutions (Isard, 1969; Richet, 1984). A “mixed
alkali effect’ may contribute to the low temperature viscosity minimum in Ne-Di
(Figure 3.3), however, the minimum primarily results from the greater
temperature dependence of the viscosity of diopside melt relative to nepheline-
rich melt. Similarly, Hummel and Arndt (1985) have interpreted the low
temperature viscosity minimum in NaAlSizOg-CaAl2Si20g (Ab-An) in terms of-
the greater temperature dependence of the viscosity of anorthite to that of albite.
Initially at high temperature, the viscosity of albite me't is several orders of

magnitude larger than that of anorthite (Cukiermann and Uhimann, 1973;

Cranmer and Uhlmann, 1981a,b).
viscosity and Temperature

The disparate low and high temperature viscosity-composition
relationships in Ne-Di (and Ab-An) suggest that composition- and temperature-
induced polymerization influence viscous flow. Indeed, Uhimann (1972)
recognized that molecular shape (and distribution of tetrahedral configurations),
type of bonding, and flexibility of the intertetrahedral linkages may all be
important factors controlling viscous flow, and that their relative contributions
may be largely temperature dependent. Scarfe et al. (1983) and Scarfe and
Cronin (1986) have suggested that the viscosity-temperature-composition
profiles in An-Di and Ab-Di may result from significant temperature-induced
structural changes in diopside melt. Their conclusion is based on the pronounced
temperature dependence of the activation energy for viscous flow of diopside melt

relative to anorthite- and albite-rich compositions.
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The two most common expressions used to represent viscosity-

temperature data are the TVF (Fulcher, 1925) and configurational entropy
equations (Richet, 1984). The TVF equation (1) is a strictly empirical
formulation used to describe the temperature dependence of the viscosity. The
limitations of the TVF equation have been reviewed by Hummel and Arndt (1985)
and will not be discussed further. The configurational entropy equation

log 1 = Ae + Be/TSconf + mix (2)
contains two adjustable parameters, Ae and Be. For most silicate melts the
necessary thermodynamic data (heat capacity) is not available to evaluate the
configurational entropy (Sconf + mix)- In such cases it must be assumed
adjustable. However, the equation has consistently provided better fits to
viscosity-temperature data than the TVF equation and is as yet the only model
that is based on thermodynamic data (Richet, 1984; Hummel and Arndt, 1985;
Tauber and Arndt, 1986, 1987).

According to the configurational entropy theory of Adam and Gibbs
(1965), material transport in liquids takes place by cooperative
rearrangements of the melt structure and depends on the number of
configurations attainable by the system (Hummel and Arndt, 1985). The large
increase in relaxation times near the glass transition is associated with the
decrease to very small values in the number of configurations available to the
system (Adam and Gibbs, 1965). Sconf + mix iS considered a measure of the
temperature dependence of the number, and consequently, the size of the
configurations. At the glass transition, only one configuration is available to the

system, such that, relaxation times become infinite and Sconf reduces to zero

(Richet, 1984).



37
The configurational entropy model provides a thermodynamic basis for

the temperature dependence of the size of the flow unit (configuration). As the
glass transition is approached, the potential energy barriers to viscous flow are
not as easily overcome which results in a decrease in the number and an increase
in the effective size of the flow units. For example, the large temperature
dependence of the viscosity of diopside melt results from a change in the
mechanism of viscous flow initially characterized by the motion of a distribution
of flow units of various size, at high temperature, to one in which the size of the
flow unit is effectively that of the macroscopic system at the glass transition. In
conirast, the weaker temperature dependence of the viscosity of nepheline melt is
a result of the initial paucity and large size of the flow units at high temperature.
The lack of a low temperature viscosity minimum in An-Di suggests that
the temperature-dependence of the viscosity is equally dependent on the size of
the Q4 ring configurations in fully polymerized melts as it is on the degree of
melt polymerization. This is evident in the system Ne-An where a low
temperature viscosity minimum is predicted given the presence and absence of a
viscosity minimum in Ne-Di and An-Di, respectively. The low temperature
viscosity-composition profiles in Ne-Di and An-Di melts can be reconciled in the

context of the above temperature dependence of the viscosities of these melts.

3.5 CONCLUSION

At high temperature, melt viscosities decrease with increasing diopside
component. This decrease in meit viscosity can be attributed to a reduction in the

size of the flow units due to an increase in the number of nonbridging oxygens per
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tetrahedron. The low temperature viscosity minimum is a resuit of the larger

temperature dependence of the viscosity of diopside relative to the viscosity of
nepheline melt. The large temperature dependence of the viscosity of diopside
melt results from a change in the mechanism of viscous flow initially
characterized by the motion of a distribution of flow units of various size, at high
temperature, to one in which the size of the flow unit is that of the macroscopic
system at the glass transition. The weak temperature dependence of the viscosity
of nepheline melt is a result of the large size of the flow units even at high
temperature.

The temperature dependence of the viscosities of fully polymerized network
structures depends on the size of the tetrahedral rings. The temperature dependence
is greater for the four-membered ring configuration of anorthite than for the six-
membered ring configuration of albite and nepheline. It is unclear, however, the
effect the type of charge-balancing cation may have on the form of the temperature

dependence (Mysen et al., 1980).
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Table 3.1. Log viscosity-temperature results for nephe

line-diopside

melts.

Diop . DNOO_ DN70 DN5O DN30 DN10O
0.65 0.93 1.40 1.43 1.92 2.38
0.71 - - - - 2.48
0.77 1.02 1.48 1.49 213 2.62
0.87 - - - - 2.76
0.98 1.16 1.59 1.59 2.36 2.88

- 1.21 - 1.67 - -
- 1.29 1.76 1.73 2.63 -
- 1.40 1.87 1.81 2.76 -
- - 2.01 1.94 2.90 -
- - 214 2.07 3.03 -
- - 2.25 2.21 3.17 -
- 11.46 10.24 10.24 10.68 12.55
- 12.00 10.87 10.83 11.24 12.97
. 12.99 11.92 11.79 12.13 13.65

39




Table 3.2. Fulcher equation constants for the combined high- and low-
temperature data.

40

A B To

Diop -1.07 1053 1157
DNSO -6.46 9079 482
DN70 -4.59 7103 515
DNSO0 -5.09 7910 476
DN30 -4.82 8942 422
DN10 -6.39 12596 324
Neph? -6.32 16217

a Arrhenius constants from Riebling (1966)
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4. SPECTROSCOPIC INVESTIGATION OF ANHYDROUS AND HYDROUS

KAI“i30g GLASSES QUENCHED FROM HIGH PRESSURE

4.1 INTRODUCTION

An understanding of the mechanisms of structural transformation in
melts at high pressure is required because a significant proportion of all igneous
processes occur at depth. Of particular interest has been the role of Al in silicate
melts. At one atmosphere, Al is in tetrahedral coordination in most silicate melts,
but increasing pressure may induce a transformation to octahedral coordination
(Waff, 1975). An increase in the coordination of Al has been the preferred
explanation invoked to account for changes in melt densities and viscosities
(Kushiro, 1976, 1978) and liquidus phase relations (Boettcher et al., 1984).
Spectroscopic studies of glasses quenched from pressures less than 4 GPa do not
support this interpretation (Sharma et al., 1979; McMillan and Graham, 1980;
Fleet et al., 1984; Hochella and Brown, 1985). Recently, Ohtani et al. (1985)
presented evidence for six-coordinatéd Al in NaAISizOg glasses quenched from 6
GPa and 8 GPa. The results of Stebbins and Sykes (1990) on the same
composition glass quenched from 8 GPa and 10 GPa disagree; these authors found
no evidence of six-coordinated Al.

Solubility mechanisms for water in aluminosilicate melts generally
involve a disruption of the extended network and production of nonbridging
oxygens (Burnham, 1975; McMillan et al., 1983; Mysen and Virgo, 1986a,b),
although other interpretations exist (Kohn et al., 1989). The presence of

nonbridging oxygens in hydrous aluminosilicate melts may faciiitate a change in
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the coordination of Al with pressure.

The present study reports the results from a 27Al, 298i MAS NMR,
Raman, and IR investigation of the structure of anhydrous and hydrous KAISizOs
glasses quenched from high pressure. This composition was chosen because the
one atmosphere glass structure is well characterized and the hydrous
composition was found to be quenchable up to 7 GPa. Results are compared to

previous investigations of anhydrous and hydrous high pressure aluminosilicate

glasses.

4.2 METHODS

Sample Synthesis

The one atmosphere KAISiaOg starting glass was synthesized from high-
purity, spectrosc0pic-grade oxides and carbonates. Approximately 0.2 wt%
GdoOg was added to the starting material of the hydrous runs to decrease 29g;j
spin relaxation times. This oxide was not added to the starting material of the
anhydrous runs for reasons discussed below.

High pressure experiments (>2 GPa) were performed using the USSA
2000 ton split-sphere multianvil press at the C.M. Scarfe Laboratory of
Experimental Petrology at the University of Alberta. The pressure cell consisis
of an 18 mm-edged (18M) MgO octahedron, 202 and MgO inner sleeves, MgO
and pyrophyliite spacers, and a stepped LaCrO3 heater (Figure 4.1). All paris
are fired at 1000°C for one hour, to remove water, prior to sample loading.

Pressure is transmitted to the sample assembly by means of eight WG anvils with
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the corners truncated and fitted with preformed pyrophyliite and teflon gaskets.

Pressure was calibrated using the fayalite- y-spinel (5.3 GPa, 1000°C; Yagi et
al., 1987) and coesite-stishovite (9.2 GPa, 1000°C; Yagi and Akimoto, 1976)
phase fransitions. Samples were first brought to the desired run pressure, then
heated via the sectioned LaCrOg3 heater. Temperatures were monitored by a
W3Re-W26Re thermocouple in contact with the top of the capsule. The emf of the
thermocouple was not corrected for the effect of pressure or shear. Temperature
gradients are less than 20°C across the length of the capsule with this design
(Kanzaki, 1987; Wei et al., 1990). Samples were quenched, isobarically,
within one minute of reaching the run temperature by disconnecting power to the
furnace. Short run durations were necessary 1o minimize contamination of the
sample by the capsule material (see below).

The anhydrous KAISigOg glasses were synthesized at 8 GPa, 2000°C and
10 GPa, 2200°C. Initial experiments in single capsules made from Re-foil
. resulted in the presence of a Re-oxide phase disseminated throughout the glass.
This was probably the result of the relatively high ambient fO2 of the sample
assembly. Consequently, a double-capsule assembly was used in subsequent runs.
The one-atmosphere glass powder was loaded into the inner Re-capsule (2.2 mm
ID, 2.3 mm OD, 25 mm L) and sealed by folding the edges of the capsule end. The
charge was then placed in an outer Re-capsule (2.6 mm ID, 2.7 mm OD, 4.0 mm
L), packed in W-metal powder, and the outer capsule sealed. Tungsten was used to
maintain a low fO2 because the fO2 of the W-WO3 transition is below that of the

Re-ReO> transition, and in case of leakage, W-metal powder does not adversely

effect the emf of the W3Re-W26Re thermocouple.

Run products were optically clear glasses with minor (approximately
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0.3%) discrete opaque Re-oxide inclusions along the edges of the capsule

material. The high-pressure NaAlSigOg glasses of Stebbins and Sykes (1990)
were synthesized under similar conditions but were red in color. The red color of
their glasses is believed due to the reduction of Gd3+ to a lower valence state,
because the high-pressure anhydrous KAISi3Og glasses (Gd203- and FeO-free)
are colorless, except for similar amounts of Re-oxide inclusions along the
capsule interface. Optical examination (400X) and the MAS NMR, Raman, and IR
results confirm the absence of a quench-crystalline phase in all anhydrous and
hydrous glasses.

The 2 GPa (1500°C) runs were performed in a 19.0 mm solid-media
piston-cylinder apparatus (Boyd and England, 1960). Experiments were
conducted in a talc/pyrex/alumina furnace assembly. The ‘hot piston-out’
technique was used with a -13% friction correction. Temperature was monitored
using Pt-Pt13Rh thermocouples with no pressure correction on the emf output.
Run durations of three hours were terminated by disconnecting power to the
furnace.

Hydrous KAISi3Os samples (Table 4.1) were synthesized at 2 GPa. A pre-
determined amount of triply distilled water was loaded into the base of an open-
ended 5.0 mm OD Pt-capsule with a microsyringe. The amount was checked by
weight. One hundred seventy-five milligrams of glass powder was then loaded
into the capsule and the entire assembly weighed. The capsule was then crimped,
wrapped in a wet kim-wipe, and triple welded. The sample assembly was then
reweighed to ensure there was no significant weight-loss. A difference of 1.0 mg
or less was deemed acceptable.

Run products were optically clear glasses in the form of thin
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decompression plates. To confirm that the samples were hydrous, several of these

(unpolished) plates from each run were checked by transmission FTIR
Spectroscopy (Digilab FTS-40 spectrometer). Measured intensities of the 5200
cm-1 and 4500 cm-! peaks show a reasonable correlation with sample thickness
and relative water contents.

Sample K2520 was used as the starting material for the hydrous high-
pressure runs (Tabble 4.1). Run conditions were similar to the multianvil
experiments reported above, except that samples were loaded into Pt-capsules
(2.6 mm ID, 2.7 mm OD, 3.5 mm L), sealed, and run at 5 GPa (1750°C) and 7
GPa (1850°C). Runs were terminated after three minutes by disconnecting

power to the furnace. Run products were optically clear and crystal-free.

MAS NMRB Spectroscopy

29g;j and 27A1 MAS NMR measurements were collected using a Bruker
AM-400 spectrometer (9.4 Tesla field) at Arizona State University. Samples
were loaded into Delrin single air-bearing rotors -ontained in a Bruker MAS
probe. 29Si spectra were generated from 1000 4.5 us | Jlses with delay times of
30 seconds. 27Al spectra were obtained from 10,000 1 us pulses with a delay of
0.5 seconds between each pulse. The MAS NMR results for the anhydrous 8 GPa
and 10 GPa samples were obtained using a Varian VXR400s spectrometer (9.4
Tesla field) at Stanford University. Samples were loaded into ZrO2 rotors
contained in a Doty Scientific, Inc. high-speed 5.0 mm probe. 274 spectra were
obtained from 40,000 0.5 us pulses with delay times of 0.2 seconds. The

spectrometers were tuned to the 79.5 MHz and 104.2 MHz resonant freqencies of
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295j and 27Al, respectively, and calibrated using TMS and 1M Al{H20)g3+

standards.

Baman and IR Spectroscopy

The unpolarized Raman specira were collected using an Instrument S.A.
U-1000 micro-Raman spectrometer at Arizona State University. Glass chips
were excited with the 514.5 nm line of a Coherent Innova 90-4 Ar* laser having
a source power of approximately 16 mW at the sample. This relatively iow
power was used to minimize heating and possible relaxation effects in the
samples. A Nechet 40X objective was used to focus the beam onto the sample. The
spectrometer was calibrated using the 520 cm-1 peak of Si-metal. Spectra were
collected at 2 cm-1 steps with count times of 10 sec/step and using slit widths of
200 pm (slit 1) and 250 um (slits 2-4). The unpolarized spectra were
compiled from up to 25 scans.

Transmission FTIR spectra of powdered samples contained in KBr pellets
were obtained with a Digilab FTS-40 spectrometer fitted with a ceramic Globar

source, Michelson interferometer, KBr beamsplitter and a DTGS deteclor.

Spectra were compiled from 256 scans.
4.3 RESULTS

Anhydrous Glasses

The one atmosphere Raman spectrum (Figure 4.2) is similar to the
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KAISi3Og glass spectra of McMillan et al. (1982) and Matson et al. (1986). The

intense band at 480 cm! is attributed to a delocalized vibrational mode

involving the symmetric stretch of bridged oxygens in T-O-T (T= Si,Al) linkages
(Bates, 1972; Sharma et al., 1981). These T-O-T linkages form a fully
polymerized random network composed predominately of six-membered rings of
tetrahedra (Taylor and Brown, 1979). The tetrahedra are denoted as Q4 sites
because all oxygens are bridging oxygens (Murdoch et al., 1985).

A band in the 560-600 cm-! region is present in all fully polymerized
network structures. The assigment of this band to symmetric stretching modes in
three-membered rings of Q* tetrahedra is consistent with theoretical and
experimental observations (Galeener, 1982; Revesz and Walrafen, 1982;
Galeener and Geissberger, 1983; Henderson et al., 1985; Sykes and Scarfe,
1990). The 27Al and 29Si MAS NMR results of Murdoch et al.(1985) and
Oestrike et al.(1987) indicate that Al-avoidance is largely obeyed in fully
polymerized aluminosilicates and do not support the assignment of this band by
McMillan et al. (1982) to vibrational modes in Al-O-Al linkages. The frequency
and intensity of the 560 cm-! band depends on AU(Al + Si) (Sharma et al.,
1978; Virgo et al., 1980; Mysen et al., 1980a; McMillan et al., 1982; Seifert et
al., 1982) consistent with partitioning of aluminate tetrahedra into the three-
membered ring configurations. Indeed, the most stable Si-O-Al bond angle
(130°) calculated by De Jong and Brown (1980) is the same as the optimum T-
O-T bond angle in three-membered rings (Galeener, 1982).

The mid-frequency envelope near 775 cm-1 is attributed to motion of the
tetrahedral cation within its oxygen cage (Laughlin and Joannopoulos, 1977,

Galeener and Mikkelsen, 1981; Galeener and Geissberger, 1983).
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Previous investigations on albite (McMillan et al., 1982; Seifert et al.,

1982) and orthoclase (McMillan et al., 1982) glasses have interpreted the
high-frequency envelope based on a statistical curve-fitting of the data to fixed-
frenuency Gaussian bandshapes. The reliability of this method can be questioned
~ral reasons. Firstly, the distribution of T-O-T bond angles about the
T..).T bond angle is not necessarily symmetrical (Matson and Sharma
#5). Indeed, a small proportion of three-membered rings, if present, would
im2ose a non-symmetrical distribution. Secondly, the number of component
pands deeined to give the best fit to the high-frequency envelope of albite glass
were significantly different between the two studies. This emphasizes the
radically different interpretations that can emerge based on the statistical
deconvolution method chosen. Thirdly, features of the high-frequency envelope in
the spectra of all fully polymerized aluminosilicates and their Ga and Ge
analogues (Mysen et al., 1980; McMillan et al., 1982; Seifert et al., 1982;
Sharma et al., 1982; Henderson et al., 1985; Matson and Sharma, 1985; Matson
et al., 1986) can be simply described in terms of two component bands with
frequencies and intensities dependent on the Al(Ga)/Si(Ge) of the glass. The low-
frequency band involves primarily Si-O antisymmetric stretching motions in
SI-O-Al linkages (Sharma et al., 1982; Matson and Sharma, 1985). The
frequency and intensity of this band decrease and increase, respectively, with
increasing AUSi. The high-frequency band involves primarily Si-O
antisymmetric stretching motions in Si-O-Si linkages (Sharma et al,, 1982;
Matson and Sharma, 1985). The frequency of this band, therefore, is less
sensitive to AUSi than the lower frequency component.

For the orthoclase composition glass used in this study, the high-



frequency envelope is composed of two bands at 1015 cm-! and 1100 cm-!
resulting from antisymmetric stretching vibrations of Si-O bonds in Si-O-Al
and SI-O-Si linkages, respectively.

There are no observable changes in the position of the peaks with
increasing pressure in either the Raman or IR spectra (Figures 4.2 and 4.3). In
the low-frequency region of the Raman spectra, increasing pressure is
accompanied by an increase in the intensity and narrowing of the 480 cm-1 peak
and the loss of the shoulder at 560 cm-1, which becomes an unresoivable
component in the tail of the 480 cm-! peak. The increased intensity in the 560
cm-1 region of the 2 GPa IR spectrum (Figure 4.3) indicates there is an
asymmetric component to the vibrational mode responsible for this band. In the
high-frequency region, the intensity of the 1015 cm-1 peak decreases relative to
the intensity of the 1100 cm-! peak in the 8 GPa and 10 GPa spectra (Figure
4.2).

MAS NMR peak positions and linewidths for all samples are listed in Table
4.1 The 27A1 MAS NMR spectra of the anhydrous high-pressure glasses are
shown in Figure 4.4. The peak maximum associated with Q4 274l resonance,
which occurs at 53.4 ppm in the one atmosphere spectrum, does not shift
position in the 8 GPa and 10 GPa samples. This chemical shift is approximately 7
ppm more shielded than the 27Al resonance in crystalline K-rich feldspars (Yang
et al., 1986; Phillips et al., 1989), and consistent with the chemical shift of
53.8 ppm at 11.7 Tesla reported by Qestrike et al. (1987) for one atmosphere
KAISi3Og glass. The high-pressure spectra are broadened and lineshapes are
distinctly asymmetric with more intensity towards smaller chemical shifts

resulting from the development of a shoulder near 25 ppm. This shoulder has not
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developed in the 2 GPa spectrum (Figure 4.5). Albite glasses quenched at high-
pressure have similar lineshapes to the sanidine glasses shown here (Stebbins

and Sykes, 1990). No evidence for six-coordinated Al, which would have

chemical shifts near 0 ppm, was observed.

Hydrous Glasses

2 GPa Glasses. The Raran and IR spectra of the hydrous 2 GPa glasses
(Figures 4.3 and 4.6) are similar to those reported for hydrous silica and
sodium aluminosilicate glasses (Stolen and Walrafen, 1976; Mysen et al,,
1980b; McMillan et al., 1983; Mysen and Virgo, 1986a,b). A peak near 900
cm-1 appears in the spectra of all hydrous glasses, similar to the 950 et and
900 cm-1 peaks in Si0s-H20 a'd NaAlSiz0g-H20, respectively. Stolen and
Walrafen (1976) and McMillan et al. (1983) assigned these bands to Si-(OH)
and/or Al-(OH) vibrational modes. Mysen et al. (1980a) contested this
assignment based on the apparent lack of an isotope shift (H-D). However,
Freund (1982) has noted that Si-(OH) and Al-(OH) frequency shifts associated
with H-D isotopic substitution would be no more than 15-25 cm-1 and
unresolvable given the poor resolution of Raman spectra of amorphous materials.
Mysen and Virgo (1986a,b) adopted the Si-(OH) assignment of the 950 cm™!
peak, but attributed the 900 cm-! peak to Si-nonbridging oxygen (NBO)
vibrational modes.

For the present discussion, the 900 cm-! peak is assigned to Q3 Al-(OH)
stretching motions as these vibrational modes occur in the 700-900 cm-

region (Kolesova and Ryskin, 1959; Ryskin, 1974). Q! vibrational modes do
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appear near 900 cm-1 (Lazarev, 1972); however, mass balance considerations
would require significant changes in the topology of the high-frequency envelope
due to contributions from Q2 and Q3 units. Difference spectra generated from the
subtraction of the Raman spectrum of the hiydrous 2 GPa glass from the spectrum
of the anhydrous 2 GPa sample reveals only changes in the 800 cm-1 region of
the high-frequency envelope (Figure 4.7). The spectra were normalized to the
intensity of the 480 cm-tand 1015 cm™1 peaks of the anhydrous 2 GPa spectrum
during separate subtraction routines. The difference spectra generated from
these separate normalization procedures were identical. Assignment of this peak
to Si-NBO vibrational modes is not warranted.

The intensity of the 900 cm-1 peak relative to the intensity of the high-
frequency envelope remains constant for all of the hydrous 2 GPa glasses (Figure
4.3). This is consistent with the suggestion of Silver et al. (1990) that the
OH/H20 ratio in hydrous KAISi3Og glasses increases as total HoO increases from
ze10 10 ~ 2-4 Wi% total Hp0, beyond which any further addition of water
increases only the amount of molecular Ho0 dissolved in the melt.

In the 27A1 MAS NMR spectra, the 27Al resonance is deshielded in the
hydrous 2 GPa glasses relative to the anhydrous 2 GPa sample (Table 4.1, Figure
4.5). The peak maximum appears at 54.3 ppm for the hydrous glasses compared
10 53.4 ppm for the anhydrous glass. The hydrous glasses have a linewidth of
13.3 ppm, 3.3 ppm narrower than the anhydrous glass. Kohn et al. (1989)
reported similar behavior for the 271 rescnance in Ab-HoO glasses. It is
interesting to note that the changes in the character of the 27 Al resonance spectra
appear to correlate v ine changes in the behavior of the 900 cm-! peak in the

Raman and IR spectra (Figures 4.3 and 4.6), consistent with the assignment of

56



57
the 900 cm"! peak to Al-(OH) stretching modes. As in the anhydrous glass, no

peak attributable to AlV! was observed.

The peak maximum for the 29Si resonance appears at -98.3 ppm for
sample K2520 and is deshielded 1.5 ppm in the highes® water content glass

K7520 (Figure 4.8). Linewidth is essentially constant for the hydrous glasses

(Table 4.1).

5 GPa and 7 GPa Glasses. The Raman and IR spectra of these high pressure

glasses with 2.5 wit% total H2O are given in Figures 4.3 and 4.6. The intensity of
the 900 cm™! peak decreases with pressure; in the 7 GPa spectra, it appears
only as a weak shoulder. The behavior of this peak is consistent with the
observations of Stolper (1982) that OH/H20, at constant total water content,
decreases with increasing pressure. The intensity of the 1015 cm-! peak
decreases relative to the 1100 cm-! peak with increasing pressure.

The 27Al resonance in the spectrum for the 5 GPa glass appears at 52.6
ppm compared to 54.3 ppm for the 2 GPa sample K2520 (Figure 4.9). Spectral
noise precludes a precise determination of peak maximum in the 7 GPa sample.

Linewidths are 2.0 ppm and 2.5 ppm larger for the 5 GPa and 7 GPa samples than

in sample K2520, respectively.
4.4 DISCUSSION
Anhydrous Glasses

As pressure is increased, the distribution of T-O-T bond angles abotit the
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mean bond angle is reduced leading to narrower peak widths at 480 cm ! in the

Raman spectra (Figure 4.2). This is consistent with the conclusions of earlier
investigations on other network glasses (Sharma et al., 1979; McMillan and
Graham, 1981; Fleet et al., 1984; Hochella and Brown, 1985; Hemley et al.,
1986). The reduced variability in T-O-T bond angle distribution would limit the
ability of the network to compensate for the presence of three-membered rings
and results in a distortion of the tetrahedral sites associated with these
configurations. This loss of symmetry reduces the smmetric component of the
T-O-T vibration, which decreases the intensity of the 560 cm-1 band in the
Raman spectra and results in the appearance of this band in the IR spectra.
Because aluminate tetrahedra are preferentially partitioned into the three-
membered rings, the increased distortion also effects the Si-O vibrational modes
associated with Si-O-Al linkages, which decreases the intensity of the Raman
1015 cm™! peak.

Because 27Al nuclei have spin (1) > 1/2, spectral lineshape and linewidth
suffer from second-order quadrupolar broadening not removed by spinning at the
magic-angle. This distortion is described by the quadrupolar coupling constant
(Cq) and arises from the interaction of the nuclear electric quadrupole moment
of the central nucleus with the electric field gradient about the central nucleus
(Akitt, 1983; Harris, 1986). Perturbation of the electronic geometry increases
the electric field gradient and the magnitude of Cq and broaders the lineshape
towards smaller chemical shifts. In the anhydrous glasses, increased distortion of
the tetrahedral configurations with pressure may result in an increase in Cq and
produce the broad shoulder centered near 25 ppm in the 8 GPa and 10 GPa

spectra (Figure 4.4). The behavior of the 560 cm-! band in the Raman and IR
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spectra (Figures 4.2 and 4.3) is consistent with the distortion of the three-

membered ring configurations being largely responsible for the quadrupolai
linebroadening. The absence of the shoulder in the 2 GPa 27Al resonance
spectrum (Figure 4.5) indicates these sites, at this pressure, aré not
sufficiently distorted to increase Cq, but are significant to induce a loss of
polarization (Figure 4.3) and weaken the Raman signal (Figure 4.2).

The shoulder centered near 25 ppm in the 27A1 MAS NMR specira 0ccurs
in the region where five-coordinated Al is known 10 resonate (Dupre: et al.,
1985; Risbud et al., 1987). One method of distinguishing quadrupolar
linebroadening from a true chemical shift is to generate spectra at different
magnetic field strengths ¢F;). Because there is an inverse relation between Cq
and Bg and chemical shifts are field independent, spectral features associated
with second-order quadrupolar effects can be identified. The 27a1 MAS NMR
spectra of high-pressure albite glasses of Stebbins and Sykes (1990) are very
similar to the sanidine composition glasses presented here. Because the
lineshapes of their 8 GPa sample generated at different magnetic field strengths
(400 MHz and 500 MHz) were essentially identical, they proposed that the
position of the shoulder near 20 ppm resulted from the formation of more
highly-coordinated Al sites. However, the difference in magnetic field strength in
their study may not have been sufficient to affect an observable change in Cq.
Kinsey et al. (1985) note that linewidths decrease more SO for tetrahedral Al
than for higher-coordinated Al with iiicreasing magnetic field strength. Thus, a
significant difference in magnetic field strength would more effectively diminish

the second-order quadrupolar efic: s associated with the Q% 27Al resonance and

enhance resolution of the higher-coordinated Al site resonances, if these sites
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exist. Therefore, it is possible that the shoulder near 25 ppm could result from

either distortion of the three-membered rings or from higher-coordinated Al. At
present, the former is favored because it is consistent with the interpretation of
she Raman spectra. A MAS NMR study at even higher mzagnetic field strength,

however, would clarify the interpretatiors of this region.

Hydrous Glasses

Solution mechanisms for water generally invoke the interaction of
dissolved H20 with bridged oxygens, resulting in the disruption of the extended
network structure and the formation i w3-(OH) site symmetries (Burnham,
1975; Mysen et al., 1980; McMillan et al., 1983). Kohn et al. (1989) dispute
this interpretation and suggest that the solution of H20 occurs by exchange of H*
for Na* as the charge-balancing cation and the formation of Na(OH) complexes.
The model presented below favors the formation of Q3-(OH) and is consistent
with the general conclusions of Mysen and Virgo (1986b).

As noted earlier for the anhydrous glasses, an increase in pressure
results in a narrower distribution of T-O-T bond angles associated with the six-
membered rings, arnid a distortion of the Q4 tetrahedra contained in the smaller-
ringed configurations. The distorted nature of the three-membered rings make
them relatively unstable with respect 1o other configurations in the network
structure. Dissolution studies of mineral-fluid systems clearly indicate that
high-energy defect sites are most susceptible io attack from dissolved vo'atile
components (Berner, 1981). Thus, interaction of the high-energy three-

membered ring configurations with H20 may provide a mechanism for the
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solution of HoO in KAISi3Og melt. Depolymerization of the Q% aluminate

tetrahedra in these smaller rings may be largely responsible for the formation of
the Q3 Al-{J:+) sites because of their larger, charge-deficient tetrahedral
cation, and would be consistent with the observed changes in the 27| resonance.
Kohn et al. (1989) discounted the presence of Q3-(OH) species because
Q3 Al sites in layer silicates resonate around 70 ppm (Kinsey et al., 1985).
However, it must be noted that the data of Kinsey et al. (1985) are for
crystalline layer silicates, not glasses. The Q% 274l resonance in crystalline
albite is deshielded by approximately 10 ppm from the Q4 27Al resonance in the
isochemical glass (Kohn et al., 1989). A similar separation would be expected
for Q3 Al sites. In addition, the nonbridging oxygens in the Q3 Al sites of Kinsey et
al. (1985) were bonded to octahedrally coordinaied Mg and Al cations. This type
of bond linkage is distinctly different in character from a terminal Q3-(OH),
making the analogy even more tenuous. The shorter Al-(OH) bond would result in
a greater shielding of the central nucleus relative to a Q3 linked to an octahedral
Mg or Al, which would result in a smaller chemical shift. For comparison, the Si
Q3-(OH) resonance in SiO2-Ho0 appears at approx::nately -100 ppm (Maciel
and Sindorf, 1980; Farnan et al., 1987), 11 ppm more shielded than the Si Qs-
ONa resonance in NagSi2Os glass (Murdoch et al., 1985). Given the above
considsrations, the absence of a peak near 70 ppm does not preclude the existence
ot O3-{OH) sites, the resonance of which could be buried under the central peak
associated with Q4 Al resonance. Kohn et al. (1 989) also noted that the increased
electric field gradient of a Q3 site would increase quadrupolar linebroadening.
This, however, assumes that all Q? nuclei are in symmetrically well-defined

sites. The NMR MAS, Raman and IR spectra are consistent with the interpretation
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that some of the aluminate tetrahedra are associated with highly distorted three-

membered ring configurations. The formation of a terminal Al-(OH) bond would
partially decouple the ring complex from the extended network, reducing this
distortion, and thereby, reducing quadrupolar linebroadening.

The proposed solution mechanism can be represented as follows

Si Si

0 o)
2(Si0AIOSi)+H20=2(SiOAI(0H))+SiOSi.

o o)

Si Si

The formation of each Al-(OH) bond produces three Si Q% sites with one bridging
oxygen connected fo an Al Q3 site. This would result in a slight deshielding of the
central Si cation (Fig..re 4.8). The formation of Al-{CH) bonds also increase the
number of Si-O-Si linkages. Normally, the wider distribution of 29g; chemical
environments would be reflected in increased 29Si linewidths; however, the
relatively small proportion of Si-O-Si linkages formed by this mechanism is
probably below the resolution of the MAS NMR technique (<5%).

As pressure is increased, the OH/H20 ratio decreases leading to reduced
interaction with the aluminosilicate network. The fewer number of Q3-(OH)
sites results in a decrease in the intensity of the 900 cm-! peak in the & GPa and
7 GPa Raman and IR spectra (Figures 4.3 and 4.6). The larger proportion of
strained three-membered rings results in an increase in the distortion of the Si-
O-Al linkages and weakens the intensity of the Raman signal at 1015 cm-.

Similarly, the increased distortion broadens the 271 resonance linewidth

(Figure 4.9).
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4.5 CONCLUSION

The present results for the anhydrous glasses show no evidence for high-
coordinated Al. The 271 MAS NMR spectra are very similar 10 the spectra of high
pressure albite glass suggesting tiiat the structures of these glasses behave in a
consistent manner with increasing pressure. The effect of pressure on the
structure of KAISi3Og glass is to reduce the distribution of T-O-T bond angles
about the mean arigle and to distort the three-membered ring configurations, at
least to pressures up to 10 GPa. This distortion mainly effects the stretching
vibrations associated with the aluminate tetrahedra.

The solution of H20 is achieved by interaction of OH with the aluminate
tetrahedra contained in the three-membered rings. Changes in the high-

frequency envelopes in the Raman and IR spectra are not consistent with the

formation of Si Q3-(OH) sites.



Table 4.1 MAS NMR data for the anhydrous and hydrous KAl
from .01 MPa (one atmosphere) and high-pressure.

K0001
K0020
K2520
K5020
K7520
K2550
K2570
K0080

K0100
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Si3Og glasses quenched

Pressure  Wi% HaO  27Alpeak max.  FWHM 29gj peak max. FWHM
.01 MPa - 53.4 ppm 17.5 ppm -

2 GPa - 53.4 ppm 16.7 ppm

2 GPa 25 54.3 ppm 133 ppm -98.3 ppm 16.7 ppm
2 GPa 5.0 54.3 ppm 133ppm -97.6 ppm 16.5 ppm
2 GPa 75 54.3 ppm 133 ppm -96.8 ppm 16.3 ppm
5 GPa 25 52.6 ppm 15.3 ppm

7 GPa 25 55.% piv 15.8 ppm

8 GPa - 53.0 ppm

10 GPa . 53.0 ppm - . .
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Fizure 4.2 Unpolarized Raman spectra of anhydrous KAISigOg glasses
quenched from high pressure and the .01 MPa (one atmosphere)
sample. The sharp spikes in the low frequency region are
instrumental artefacts. Peak assignments are discussed in the
text.
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Figure 4.3 IR spectra of anhydrous and hydrous KAISi3Og glasses. A:
Q1 MPa (one atmosphere); B: 2 GPa, anhydrous; C: 2 GPa, 25
wi% Ho0; D: 2 GPa, 5.0 wt% H20; E: 2 GPa, 7.5 wit% HoO; F: 5
GPa, 2.5 wt% H20; G: 7 GPa, 2.5 wt% H20.
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Figure 4.4 27AI MAS NMR spectra of the .01 MPa (one atme giyere).
and 8 and 10 GPa glasses. A 100 Hz line broadening was applied
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Figure 4.5 27A1 MAS NMR spectra of hydrous KAISi3Og glasses

quenched from 2 GPa. A 100 Hz line broadening was applied

during data processing. Frequency scale i
Al(H20)63+. ® spinning sidebands.

s relative to 1M

69



56l0 4l90 E

]

1110 1?15 stl)o :.»// fd
. ot |
el i

§

~—__
>

1 1 ] ]
1200 1000 806 600 400 200
wavensnber (cm - 1)

Figure 4.6 Unpolarized Raman specira of anhydrous and fiydrous
KAISi3Og glasses. A: 01 MPa (one atmosphere); B: 2 GPa,
anhydrous; C: 2 GPa, 5.0 wt% Ho0; D: § GPa, 2.5 wi% H20; E:
7 GPa, 2.5 wit% H20. The sharp spikes in the low frequency
region are instrumental artefacts. Peak assighments are
discussed in the text.
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Figure 4.7 Raman difference spectra generated from suhiraction of the |
2 GPa, 5.0 wt% H20 spectrum from the 2 GPa anhydrous
spectrum. A: normalized to the 480 cm-1 peak; B: normalized to

the 1015 cm-1 peak.
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Figure 4.8 29Si MAS NMR spectra of hydrous KAISi3Og glasses
gu2nched from 2 GFa. A 100 Hz line broadening was applied
during data processing. Frequency scale is relative to TMS. @ :

spinning sidebands.
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Figure 4.9 27Al MAS NMR spectra of hydrous KAISiaOg glasses with
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5. THESIS CONCLUSION and FINAL REMARKS

The three chapters that comprise the body of this thesis discuss the
structure of silicate melts as a function of composition and pressure and its

influence on the viscous properties of the melt phase.

CHAPTER 2

The Raman spectra of nepheline glass can be interpreted in terms of
vibrational contributions from two distinct fully polymerized network
structures, six- and three-membered rings of Q? tetrahedra. The aluminate
tetrahedra appear to be preferentially partitioned into the available three-
membered ring configurations. These results support the general conclusions of
Seifart et al. (1982), although they favored the presence of two types of six-
membered ring configurations. Stretching modes in a9, Q!, @2 and Q3 sites
contribute 1o the vibrational spectra of diopside glass. The spectra of
intermediate compositions (<18 mole% nepheline) can be described assuming
contributior:s from oniy Q2 and Q4 tetrahedral sites. This tendency to develop
molecular clusters results from the inability of Ca and Mg to compete with Na as
the charge-balancing cation in structural units having only bridging oxygens (@4
units). This bekavior was found by Dickinson and Scarfe (1990) in albite-
diopside glasses and appears to be characteristic of diopside-sodium
aluminosilicate systems.

If the mixing properties of network modifying cations have a significant
influence on the structure of intermediate compositions, an investigation of the

structure of melts in the systems NapSi20s-CaSi20s, NasSi205-CaSiO3 and



NaySiO3-CaSizOs would clarify the role of network modifying cations in systems
where both endmembers are depolymerized. A hint as to the possible structural
changes that might occur is the large immiscibility gap that appears in MO-SiO2
systems but not in M20-SiO2 systems. The formation of the immiscibility gap is
consistent with the conclusions of the present investigation in th<t the alkali
metal cations favor the more polymerized siiicate structures and that the

alkaline earth metals are associated with the more depolymerized units.

CHAPTER 3

High temperzsise melit viscosities in the system nepheline-diopside
decran:s wEh increasit diopside component and can be correlated to a decrease
in the zserage size of the flow units. At low temperatuse, a viscosity minimum
occurs at intermediate compositions and results from the greater temperature
dependence of the viscosity of diopside melt relative to nepheline-rich
compositions. The viscosity-composition-tempeiature relationships in
nepheline-diopside glasses can be qualitatively described by the configurational
entropy theory of cooperativ rsiaxation processes (Adam and Gibbs, 1965;
Richet, 1984). A more thorough quantitative test of the configurationai entropy
model requires the determination of heat capacity data for glassy and liquid
nepheline.

The present results indicate that the most significant contributions to the
temperature dependence of the corfigurational entropy term (and therefore
viscosity) include the degree of polymerization of the endmembers and the type of
ring configuration in fully polymerized network melts. It is difficult, as yet, to

go beyond these observations because of the lack of low temperature viscosity and
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heat capacity data and structural information for most silicate systems. However,
an investigation of melt viscosities in the systems MapSio05-CaSiOs, CaSi2Os-
Na2SiO3 and NasSip0s5-Na2SiO3 may lend insight into other factors that may
influence the temperature dependence of the size of the flow units (and therefore
Sconf and viscosity). These factors include the type and distribution of QN sites,

and the degree of mixing between nonframework cations.

CHAPTER 4

For anhydrous KA'Si;0g glass, it was found that increasing pressure
narrows the distribution i ‘ntertetrahedral angles about the mean angle which
resul.. in a distortion of {ni fhres-memberet rings. High-coordinated Al was not
cbserved for these glasses Gudtifiesd from (rassures up to 10 GPa. The question of
whether coordination changes can be preserved on quenching (Williams and
Jeanloz, 1988) requires in-situ high pressure-high temperature spectroscopic
investigation. However, high-coordir.: “s. Al is quenchable at 1 bar (Risbud et
al., 1987).

The solution of H20 in high pressure KAISi3Og glasses is achieved by
interaction of OH with the aluminate tetrahedra containec in the three-membered
rings. The range of H20 concentrations in the present study (25-55 mole%)
correspond to an amount of OH that would require from 1/4 to 1/3 of all
aksninum cations to be in tetrahedra associated with the three-membered ring
configurations (Silver et al., 1990). Whiie the presen: data carnot constrain the
relative proportions of six- and three-membered ring configusations, the
number of required three-membered rings appears high.

One of two possibilities can be invoked to amend the proposed solution

81



mechanism. First, the solution of water is achieved by interaction with all
aluminate tetrahedra in six- and three-membered ring configurations. And
second, after reaction with the distorted aluminate tetrahedra, H simply
substitutes for K as the charge-balancing cation. This mechanism w.= ~<iginally
proposed by Kohn et al. (1989) for hydrous albite glasses, a'thoughi ihay
suggested that this was the only water solubility mechanism.

Kohn et al. {(1989) indicate that the major contribution to the 23Na
linewidth in hydrous albite (<30 mole% Hz0) is from a large chemical shift
dispersion coupled with a weak contribution from second-order quadrupolar
effects. At high water concentrations (>30 mole% H20), the relative
contributions from chemical shift dispersion and quadrupolar effects to 23Ng
linewidth are reversed. The 23Na resonance systematics are in accord with the
second alternative presented above.

Initially, OH groups react with the aluminate tetrahedra in the
energetically-unfavorable three-membered rings to form Al Q3-(OH) sites. The
increased number of Al chemical environments (@4 and Q3-(OH) sites) increases
the chemical shift dispersion of the charge-balancing sodium cations (i.e. 23Na
nuclei also experience an increase in the humber of chiemical environments).
Because Na maintains its charge-balancing role, the distribution of charge aut
the Na atom is not significantly altered, and therefore, does not lead t0 2
significant increase in second-order quadrupolar effects.

At high water concentrations, the solution of water occurs by exchange of
H for Na and no longer involves the aluminate tetrahedra. As the amount of water
is increased, the proportion of Na atoms in NaOH complexes increase relative to

the number occupying charge-balance sites. This leads to a decrease in the
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chemical shift dispersion of the 23Na resonance. However, the formation of NaOH
complexes significantly alter the electronic charge distribution about the 23Na
atom and leads to significant second-order quadrupolar effects.

The most significant changes in the isotropic chemical shift and
quadrupole coupling constant {Cq) for 23Na occur at approximately 30 mole%
H20 (Kohn et al., 1989). The isotropic chemical shift is deshielded
approx.nately 2 ppm from 0 to 30 mole% H20, and by approximately 12 ppm
between 30 to 60 mole% i420. The value of the quadrupole coupling constant
remains constant up to 30 mols% Ho0, then increases dramatically for higher
concentrations. it is possible that the change in the solution mechanism of H20,
from interaction with the aluminate tetrahedra in the distorted three-membered
rings to the exchange of H for Na, occurs at about 30 inole% water. This would be
consistent with the observed inflections, at approximately 30 mole% total H20,

in the wt% Ho0 as dissolved OH vs. total wt% H20 curves of Stolper (1982) and

Silver &t al. (1990) for aluminosilicate melt compositions, and in the log

viscosity-molar OH/(OH + O) curve for hydrous albite melts (Dingwell, 1987).

Unfortunately, either the Kohn et al. (1989) model or the present model

may be supported by the data. One potentially useful method to resolve this

uncertainty is to synthesize an albite glass of composition (H.Na)AISi3Og. If the
present model is correct, the 274l resonance systematics for the gbove

composition will differ significantly from the resonance spectra presented here.
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