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ABSTRACT 

Mantle-derived amphiboles from Vulcan's Throne, Arizona 

and phlogopite micas from South African kimberlites were 

analyzed for their volatile contents and elemental 

compositions using high temperature mass spectrometry and 

the electron microprobe, respectively. The purpose of the 

study was to characterize major volatile-bearing minerals 

which may be present at the source of primary magma 

generation. In all samples analyzed, H2o is the principal 

volatile with smaller amounts of F, Cl, o2, and carbon- and 

sulfur-bearing species. A strong positive correlation 

between Ti content and hydroxyl deficiency in the amphiboles 

indicates Ti may play a significant role in charge balancing 

the substitution of o2- for OH- in the hydroxyl site of the 

amphibole structure. Hydroxyl sites in the micas are fully 

occupied, and oxygen detected from these samples is likely 

produced on breakdown of the mica and its recrystallization 

during heating. Both volatile contents and elemental 

compositions of the micas indicate that compositional fields 

previously proposed to separate micas exhibiting various 

modes of occurrence are too restrictive. Other than one 

high-iron sample, none of the micas analyzed requires the 

presence of tetrahedrally coordinated Fe3+, provided Ti4+ is 

assumed to occupy that site preferentially. Detection of 

reduced carbon volatile species (CO, ca4 ) in both the 
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amphiboles and micas supports the hypothesis that at least 

parts of the upper mantle are more reduced than the quartz

f ayal i te-magneti te buffer. Comparison between K2o and F 

contents of the mantle-derived hydrous minerals and of 

erupted magmas indicates that amphibole of the composition 

analyzed could account for the K2o and F contents of most 

Mid-Atlantic Ridge basalts, but not for high alkali 

continental basalts. Phlogopite micas having compositions 

similar to those analyzed could account for the K2o and F 

contents of continental and island arc basalts • 

In order to provide a better understanding of 

geologically interesting silicate melts, Raman spectroscopic 

investigations of three dimensional tetrahedral framework 

(TDTF) silicate- and germanate-based glasses and of alkali 

silicate glasses (~30% M20) were undertaken. It is found 

that Al 3+ substitutes for Si 4+ in tetrahedral coordination 

in ambient pressure glasses provided it is charge balanced 

by the presence of alkali or alkaline earth cations. Raman 

evidence indicates that Ga3+ and Ge4+ substitute for Al 3+ 

and si4+, respectively in TDTF sodium aluminosilicate 

glasses. No spectral evidence was found for 6-fold 

coordinated Al3+ or Ga3+ in the glasses studied • 

The dominant low frequency symmetric stretch band 

(vs(T-0-T)) is a sensitive indicator of T0 4 ring 

distribution in TDTF glasses. On the basis of vs(T-0-T) 

band positions in their Raman spectra, glasses of anorthite 
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(An), albite (Ab), and jadeite (Jd) compositions are shown 

to have structures dominated by 4-, 6-, and 6-membered rings 

of T04 tetrahedra, respectively. Orthoclase (Or) glass may 

contain regions of leucite-like structure consisting of both 

4- and 6-membered rings. The structure of nepheline (Ne) 

glass either consists of a mixture of 4- and 6-membered 

rings or puckered 6-membered rings of tetrahedra. 

High frequency features in the spectra of the TDTF 

glasses result from the antisymmetric stretching modes of 

the tetrahedral framework and can be interpreted in terms of 

two dominant bands which are sensitive to tetrahedral cation 

distributions in the glasses. Variations in ring structure 

and Si/Al ratio are reflected in changes in the spectra of 

glasses along the Or-An, Ne-An, and Ab-An joins • 

Normal and difference Raman spectra of M2o-sio2 glasses 

(M = Li, Na, K, Rb, Cs) indicate that characteristic bands 

in the 900-1200 cm-1 region of the alkali silicate glass 

spectra result from highly localized Si-nonbridging oxygen 

(NBO) stretching modes. Relative intensities of these Si

NBO stretching bands may be used to determine alkali cation 

distributions in the glasses. Li cations exhibit a greater 

tendency than their larger alkali counterparts to cluster in 

pairs around Sio4 tetrahedra, even at low alkali contents. 

Intensity of the low frequency spectral band at 440 cm-1 

indicates that regional alkali clustering such as that 
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required for phase separation is also more prevalent in the 

glasses containing smaller alkali cations • 
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CHAPTER I 

INTRODUCTION TO PART 1 

The role of volatile components in determining the 

chemical and physical properties of magmatic systems has 

been well established. water, and to a lesser extent co, 

co2 , s, F, and Cl, have been shown to dramatically lower the 

liquidus temperatures of silicates relative to their 

corresponding anhydrous compositions (Yoder, 19761 Burnham, 

1979; Wyllie, 1979; Eggler et al., 1979). Silicate melt 

viscosities are also known to be lowered significantly with 

even small additions of H2o (Shaw, 19631 Kushiro et al., 

1976), but are expected to be raised by the presence of co2 

(Kushiro, 1977). Crystal/liquid partitioning of trace 

elements and crystallization sequences are influenced by the 

structural effects of volatile components in melt systems 

(Irving, 19781 Kushiro, 1979; Ellis and Wyllie, 1980). It 

has also been suggested (Sato, 1978) that the oxidation 

states of magmas are influenced by their volatile 

components • 

At least some of the volatiles detected in magmas 

erupted at the earth's surface have presumably been 

incorporated into the melt at its site of initial 

generation. Many magmas are formed by partial melting of 

1 
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ultramafic material in the upper mantle, and a knowledge of 

the minerals that store volatiles in this region of the 

earth is of interest to igneous petrologists. Burnham 

(1979) has noted that "the full importance of volatile 

constituents in the evolution of igneous rocks cannot yet be 

quantitatively assessed, because neither their total amounts 

nor their relative proportions in the regions of magma 

generation are precisely known." It is therefore of vital 

importance to characterize the volatile contents of mantle

derived minerals containing structurally bound volatile 

components • 

Hydrous minerals, and in particular amphibole (at 

depths of <100 km), mica, and apatite, are believed to be 

primary storage sites of water and halogens in the upper 

mantle (Flower, 1969, 1971; Yoder, 1976; Wyllie, 1979; Smith 

et al., 1981; Dawson and Smith, 1982; Griffen and Murthy, 

1969; Basu and Murthy, 1977). Hydrous minerals are 

important reservoirs of volatile components because they 

contain structurally-defined hydroxyl sites capable of 

accommodating F-, Cl-, and possibly o2- in addition to OH

(Deer et al., 1966; Hawthorne, 1981, 1983). Other volatile 

species may be trapped in hydrous minerals at 

crystallographic defect sites, along grain boundaries, or in 

the vapor phase of fluid inclusions. The latter mechanisms 

of volatile incorporation are, however, likely common to all 

mineral assemblages produced in volatile-rich environments. 

2 
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The presence of amphibole in the upper mantle was first 

proposed by Oxburgh (1964) to account for differences in 

potassium contents of mantle-derived basalts and their 

parental peridotites. Subsequently there have been numerous 

reports of amphiboles believed to have originated in the 

upper mantle (Dawson and Smith, 1982). The experimentally 

determined stability field of amphibole (e.g. Merrill and 

Wyllie, 1975; Wyllie, 1975), however, appears to limit its 

presence in the mantle to depths of approximately 100 km. 

Compositionally, amphiboles tend to be complex, but 

contain two crystallographically-defined hydroxyl sites per 

formula unit based on 22 non-hydroxyl oxygens. A common 

igneous amphibole, hornblende, is characterized by the 

formula (Na,K>o-1Ca2(Mg,Fe2+,Fe3+,Al)5[Si6-7Al2-1022l (OH,F)2 

(Deer et al., 1966). Assuming a full occupation of the 

hydroxyl site by OH-, amphiboles should contain roughly 

2 wt.% H2o. Mantle-derived amphiboles have frequently been 

found to be moderately-to-extremely hydroxyl deficient 

(Boettcher and O'Neil, 1980) • 

Phlogopite mica is considered to be a primary volatile

bear ing phase in the upper mantle because of its common 

appearance in xenol i ths transported to the surf ace by 

kimberlites (Smith et al., 1979; Boettcher et al., 1979; 

Boettcher and O'Neil, 1980 Delaney et al., 1980). 

Calculated on the basis of its pure endmember formula 

3 
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contains roughly 4.2 wt.% H2o. The experimentally determined 

stability field of phlogopite (Kushiro et al., 19671 Yoder 

and Kushiro, 19691 Modreski and Boettcher, 1972) indicates 

that it is stable to considerably greater depths in the 

mantle (s200 km) than amphibole • 

Apatite (ca5 (P04 ) 3 (0H,F,Cl)) has been proposed as a 

primary reservoir for halogens and phosphorous in the mantle 

(Smith, 1981), although no large apatite crystals have been 

found in textural equilibrium with the silicate phases in 

peridotite nodules from kimberlites. Nonetheless, a 

phosphorus- and fluorine-rich phase in the source region is 

required to account for the concentrations of these elements 

in some magmas appearing at the earth's surface. Smith et 

al. (1981) have speculated that apatite occurs as a minor 

constituent in mantle peridotites and have pointed out that 

secondary apatite has been noted at grain boundaries in some 

peridotite xenoliths. The rarity of apatite in depleted 

ultramafic xenoliths from kimberlites may be attributed to 

the early and total consumption of this phase during partial 

melting. 

Volatile components are not always included in hydrous 

mineral analyses reported in the literature. The small 

concentrations of halogens present in most samples make 

their analysis by electron microprobe tedious, and special 

precautions must be taken to prevent contamination and peak 

interferences when analyzing for fluorine (Smith et al., 
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1981). Hydroxyl (or water) contents of minerals cannot be 

determined using electron microprobe techniques. water, 

when reported, is generally determined as H2o+ by heating 

the mineral to release its water content which is 

catalytically reacted to form H2 and measured manometrically 

(e.g. Boettcher and O'Neil, 1980). Halogen analysis by wet 

chemistry techniques, such as by ion specific electrode, is 

tedious and requires relatively large amounts of highly 

purified sample (Aoki and Kanisawa, 1979). Volatile 

analysis of hydrous minerals using high temperature mass 

spectrometry (e.g. Garcia et al., 1980) also requires 

separation of the individual phase to be analyzed. The 

amount of material required, however, is small (<60 mg) and 

this technique allows a complete analysis of volatiles 

present in the sample, including carbon- and sulfur-bearing 

species. 

Despite the above-mentioned experimental difficulties, 

several attempts have recently been made to analyze the 

volatile contents of mantle-derived hydrous minerals. Aoki 

and Kanisawa (1979) present fluorine analyses (determined by 

ion electrode) for a number of micas and amphiboles from 

kimberlites and their incorporated xenoliths. water (as 

H2o+), fluorine, and chlorine (by electron microprobe) are 

included in the analyses of amphiboles and micas from alkali 

basalts and kimberlites presented by Boettcher et al. (1979) 

and Boettcher and O'Neil (1980). Microprobe-determined 
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halogen data for a number of micas and amphiboles from 

kimberlites is presented by Delaney et al. (1980), Smith et 

al. (1981), and Jones et al. (1982). Smith et al. (1981) 

also list limited halogen data for apatites and micas from 

carbonatites. Complete volatile analyses of a number of 

amphibole megacrysts from the southwestern u.s.A. have been 

determined by Garcia et al. (1980) using mass spectrometric 

techniques developed in this laboratory • 

Attempts have recently been made to extrapolate back to 

the original volatile contents of various magmatic sources 

from the compositions of the erupted magmas and a knowledge 

of the mean compositions of mantle-derived hydrous minerals 

(e.g. Smith, 1981; Smith et al., 1981; Aoki et al., 1981; 

Harris and Anderson, 1983). Clearly such an approach 

involves a large number of assumptions which have yet to be 

adequately evaluated, including the mean composition of the 

volatile-bearing minerals consumed during melt formation • 

It is essential that the composition of volatile-bearing 

minerals used for such modeling are truely representative of 

the source material. 

This study involves the investigation of mantle-derived 

amphibol es from the Grand Canyon area of Arizona and micas 

from nodules in South African kimberlites. The samples are 

characterized by their textural and mineralogical 

associations and by their major element compositions as 

determined by electron microprobe. Volatile compositions of 
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the minerals are determined using high temperature mass 

spectrometry. It is anticipated that the results of this 

investigation will lead to a better understanding of the 

mineral reservoirs of volatile species at the source of 

magma generation • 
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CHAPTER II 

EXPERIMENTAL TECHNIQUES FOR ANALYSIS 

OF AMPHIBOLES AND MICAS 

1iifill TEMPERATURE HASS SPECTRQMETRY 

a. Instrumental 

e Volatile contents of the hydrous minerals analyzed in 

• 

• 

• 

• 

• • 

• 

this study were obtained using the high temperature Knudsen 

cell/quadrupole mass spectrometric facility located in the 

Hawaii Institute of Geophysics (HIG room 414). Detailed 

descriptions of the original instrument and subsequent 

modifications may be found in Killingley (1975), Graham 

(1978), Liu (1978), and Byers (1984). Operating procedures 

applicable to the mica and amphibole analyses are described 

by Byers (1984). Basically, the facility consists of a 

temperature-controlled Knudsen cell assembly interfaced with 

a quadrupole mass analyzer (Electronic Associates, Inc. 

model 1110). The Knudsen cell/quadrupole filter system is 

housed within a Varian-designed vacuum system (model 934-

llllOA) capable of routinely attaining working vacuums of 

Sxlo-8 torr • 
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The Knudsen cell assembly shown in Figure 1 has 

previously been described in detail by Muenow (1973) and 

Byers (1984). It consists of a molybdenum Knudsen cell into 

which an alumina (99.9% Al 2 o3 ) cell liner for holding 

samples may be placed. Each cell liner is fitted with a lid 

containing a knife-edge effusion orifice and the assembly is 

manufactured to slip fit into the Knudsen cell. The Knudsen 

cell is surrounded by five (or four, prior to April, 1981) 

concentric molybdenum cylinders which act as radiation 

shields. The cell, at the center of a coiled tantalum 

resistance heating element, is supported on three tungsten 

pins mounted on an adjustable positioning plate. A Pt/Pt-

10%Rh thermocouple peened into the base of the Knudsen cell 

allows the operator to monitor cell temperature and provides 

a feedback signal for the heater control circuit. 

At high temperatures a molecular beam of released 

volatiles emerges through the 0.04" knife edge orifice in 

the cell lid and is directed through a movable shutter plate 

and into the ionizer of the mass spectrometer. The short 

('VS cm), direct, line-of-sight path of the molecular beam 

from the orifice to the ionizer and low system pressures 

(<10-7 torr) permits essentially 100% transmission of 

volatile species from the sample to the ionizer. Using the 

manually controlled shutter plate the molecular beam can be 

interrupted, and molecular species effusing from the Knudsen 

cell can be distinguished from background contributions. A 
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IONIZER-~-
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BASE PLATE 

0 1.0 IN. 

SCHEMATIC OF THE HIGH TEMPERATURE ASSEMBLY 

HEAT SHIELDS 

RESISTANCE HEATING 
ELEMENT 

HEATING ELEMENT 
SUPPORT POSTS 

CELL 
POSITIONING PLATE 

Figure 1. Schematic diagram of the high temperature Knudsen 
cell assembly (after Byers, 1984) • 
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uniform Knudsen cell heating rate is achieved using a 

modified heater control circuit originally designed by Liu 

(1978). samples are typically heated at a rate of 

approximately s0 c/min. 

The electron impact ion source mounted at one end of 

the quadrupole mass filter is oriented such that the 

molecular beam, electron beam, and ion beam are in mutually 

perpendicular orientations. The electron source may be one 

of two prealigned tungsten filaments mounted on either side 

of the molecular beam. The electron energy is preset at 70 

volts and the accelerating voltage at +8 volts • 

The quadrupole mass analyzer separates ions by their 

mass-to-charge ratios using oscillating electric fields 

rather than the magnetic fields used in conventional mass 

spectrometers (Roboz, 1968). The mass filter consists of 

four parallel cylindrical rods arranged in a square array 

with opposing rods electrically connected. Application of 

variable rf and de potentials to the rods provides a mass

dependen t stability field for ions being accelerated 

parallel to the rods. The spectrum may be scanned 

continuously at discreet scan rates between 0.1 and 900 

seconds by varying the potentials, or a single mass may be 

monitored continuously. Data for this study were collected 

using a 30 second scan rate. 

The ion collector and electron multiplier assembly for 

the mass spectrometer were changed during the progress of 
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this investigation. Early amphibole analyses (prior to 

July, 1980) were performed using a 14 stage multiplier and 

experimental conditions described by Liu (1978) and Graham 

(1978). Analyses made after July of 1980 were made using a 

16 stage multiplier (Varian 4M226-Sl2) with a secondary 

emission mul tip! ier (SEM) voltage of 2.80 kV, an electron 

emission current of 500 mA, and a resolution setting of 868 

units. The resolution setting was changed to 551 units (or 

o. 70 4 at 0.1 second scan speed, as read by voltmeter) after 

modification of the power supply during August of 1981. 

Ion intensity signals from the multiplier are 

preamplified before being output to the quadrupole control 

unit oscilloscope. Ion intensity signals may also be output 

to a strip chart recorder or may be digitized and stored 

using the chemistry department PDP 11/45 minicomputer. The 

computer interface has been described in detail by Liu 

(1978) and Liu and Muenow (1978). Also monitored during 

data acquisition are the mass ramp voltage, cell 

temperature, and heater voltage signals. Upon completion of 

a sample run, the raw data (see sample mass scan, Fig. 2) 

are reduced (using programs written by Liu, 1978) to provide 

plots of temperature or time vs. ion intensity (mass 

pyrograms) for individual masses • 
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b. Theory 

Use of a Knudsen cell arrangement of the type described 

allows the application of techniques developed for 

thermodynamic measurements in high temperature inorganic 

mass spectrometry (Grimley, 1967). The relationship 

expressing the number of molecules (Ni) for species i 

released from a sample over the time interval that the 

sample is maintained at high temperatures (t2-t1), is 

f tl -
Ni = ki cidt • 

t2 
(1) 

In this relationship I! represents the measured isotope-

corrected ion intensity, ci is the mean thermal molecular 

velocity within the effusion cell, and ki is the 

instrumental sensitivity constant obtained by vaporization 

of a standard whose vapor pressure is well established over 

a large temperature range. The value of ki is computed by 

the relation: 

ki 
PS cs Ys Es-APs Ts 

(2) = - • • • • 
+ Is Ts 0. Yi Ei-APi Ti 1 

where Ps is the vapor pressure of the calibration standard; 

r:, its measured ion current intensity; T8 , the absolute 

temperature of the Knudsen cell; o, the ionization cross 

section of the molecular species; Y, the electron multiplier 

efficiency; E, the ionizing electron energy; AP, the 

appearance potential for the molecular species; and T, the 

14 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

quadrupole transmission efficiency. Provided all variables 

in this expression can be experimentally obtained or 

recovered from the literature, the weight or number of moles 

of a volatile released from a sample subjected to controlled 

vaporization may be determined. A plot of ion intensity as 

a function of temperature (mass pyrogram) is obtained from a 

sample heated at a controlled rate (r) such that r = dT/dt. 

Expressing ci as (8RT/~Mi) 1/ 2 , where Mi is the molecular 

weight of the ith species, it follows from integration of 

equation (2) over the time of heat treatment that 

BR M.-1/2 
1 

N· = - • • k· • A· 1 1 1 • 
~ r 

(3) 

In this expression Ai is the value of the integrated area 

under the (ItT1/ 2) vs. T curve which can be obtained from 

recorded ion intensities and cell temperatures during the 

experiment. Letting Ws and Wi represent the amounts (in 

grams) of the standard and ith species, respectively 

(W = NM/Avagadro's number), equations (2) and (3) may be 

combined to determine the number of grams of the ith species 

released as 

M.1/2 A· os Ys Es-APs Tg 1 1 
(4) W· = W • . - • - • - • • 

1 s M 1/2 • 
Ai 0 i y. Ei-APi Ti s 1 

For each species a correction must be made to Ai to account 

for fragmentation patterns and isotopic abundances 

(Kil lingley and Muenow, 1975a) • 
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Applying the principles outlined above, two methods 

have been used at the HIG facility to determine the volatile 

contents in natural glass and mineral samples (Graham, 

1978). One method involves the vaporization of an internal 

standard (generally high purity Mg); this has not been used 

in this study. The other (gravimetric) method is 

independent of an internal standard, but requires 

consideration of all sources of weight loss from the sample • 

The relevant equation for the latter method is 

wt% species i = 
K·A· 1 1 wt. loss sample 

• • 100% (5) 
r KiAi wt. sample 

all i 

where Ki = Mi1/ 2Fi/(oiYi(E-APi)Ti) and the total weight loss 

is· determined by weighing the sample and liner before and 

after heating. Fi is a correction factor which accounts for 

the experimentally determined fragmentation pattern 

(Killingley, 1975) and isotopic abundance of species i • 

Other terms in the Ki expression are summarized by Graham 

(1978) and are defined above. Ai is the area under the 

ITl/2 vs. T curve and is determined using the QMS data 

manupulation program developed by Liu (1978). 

c. Sample Preparation and Analysis Techniques 

Samples containing amphiboles and micas were crushed in 

an agate mortar and sieved to between 16 and 32 mesh before 
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being hand picked using a binocular microscope. Mineral 

grains picked for analysis were ultrasonically washed in 

0.3N HCl for 15 minutes to remove any surface carbonate. The 

samples were then ultrasonically washed in deionized water 

three to four times for 5 minute · intervals before being 

dried at ll0°c for at least 3 hours. Individual grains were 

subsequently reexamined under the microscope £,or clinging 

material or included phases prior to volatile analysis • 

Sample sizes were dependent on the volatile contents of the 

minerals being analyzed and were approximately 50-60 mg for 

amphiboles and 15-20 mg for micas. Sample weights (to 

10-3 mg) were determined by the difference in weight of an 

alumina cell liner before and after addition of the sample • 

Likewise, the total weight loss for a sample during analysis 

was determined by weighing the sample before and after each 

run. Analyses were typically made using a heating rate of 

5°c/min to 1300°c and under a vacuum of Sxlo-8 to 2xlo-7 

torr • 

ELECTRON MICRQPRQBE 

Elemental analyses of the amphiboles and micas were 

made using the fully automated 3-spectrometer HIG Cameca 

microprobe operated in a wavelength dispersive mode. Probe 

analyses were made using either thin sections of the nodules 
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containing amphibole or mica of interest, or using fused 

resin plugs containing individual grains representative of 

those actually used .for mass spectrometric volatile 

analysis. Well analyzed natural minerals from the 

Smithsonian collection (e.g. Jarosewich et al., 1980) were 

used as oxide standards. The minerals used as standards 

(and the elements for which they were used) were Johnstown 

hypersthene (Si, Mg, Fe), Great Sitkin Island anorthite (Ca, 

Al), Tiburon albite (Na), Or-1 orthoclase (K), Ilmen 

Mountains ilmenite (Mn, Ti), and Tiebaghi Mine chromite 

(Cr). Micas were also analyzed for Ni using a Cameca NiO 

standard. A 15 kV f i 1 ament voltage and a counting time of 

10 seconds per element was used in all instances • 

Amphibol es were analyzed using a focused beam (1-2 µ 

diameter) and a 15 nA sample current. A lesser beam current 

(~10 nA) and a defocused beam (10-20µ diameter) were used 

for the mica analyses to avoid volatile or alkali losses 

from these samples during analysis. Well characterized 

minerals also from the Smithsonian collection (Kakanui 

hornblende, Johnstown hypersthene, and Kakanui augite) were 

used as internal standards and were checked periodically for 

instrument drift. Raw data were adjusted on-line for 

detector dead time and system background, and analyses were 

reduced using ZAF corrections. Each reported . analysis 

represents the average of at 1 east 3-4 spots per grain and 

two or more grains per sample. 
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CHAPTER III 

VOLATILES IN AMPHIBOLES FROM VULCAN'S THRONE, 

GRANDCANYON, U.S.A • 

INTRODUCTION 

Amphibole has a widespread distribution in mantle

derived xenoliths and exhibits a variety of textures {Dawson 

and Smith, 1982). The present study is an investigation of 

volatile species present in amphiboles from one locality, 

Vulcan's Throne, Arizona, U.S.A. Vulcan's Throne is a 

Holocene volcano on the north rim of the Grand Canyon1 it is 

part of a field of Pleistocene to Recent cinder cones and 

associated flows of basanitic composition {Best, 1970). The 

primary purpose in beginning this investigation was to 

determine if there is a relationship between the abundance 

of volatiles and the mode of occurrence of the amphiboles 

from Vulcan's Throne • 

SAMPLE DESCRIPTION 

All of the amphiboles used for this investigation were 

provided by Myron Best and were collected at the Holocene 
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Toroweap flow from Vulcan's Throne, located on the north rim 

of the Grand Canyon • 

Amphiboles from Vulcan's Throne occur in a number of 

different modes of occurrence (Best, 1970, 1975). They have 

been found to occur as large, isolated single crystals 

(megacrysts), as 1 arge, optically continuous grains 

( o i k o cry st s) inc 1 o sing o 1 iv in e, or tho pyroxene, 

clinopyroxene, and spinel in peridotite and pyroxenite 

xenoliths (Fig. 3a), as interstitial grains in Cr-spinel 

peridotite, in amphibole-rich selvages on lherzolite 

xenoliths (Fig. 3b), and in virtually monomineralic (90-95% 

amphibole) hornblendites (Fig. 3c). Amphibole from 

megacrysts (M1 , M2), oikocrysts (X-146, X-17, X-255, X-223, 

X-176, X-202), a selvage (X-168), and a hornblendite (X-178) 

were analyzed in this study. 

Most of the amphibole-containing xenoliths show some 

reaction with the host basanite. Locally, pyroxene, 

amphibole, spinel, and garnet have been replaced by a fine

grained material containing glass (or its alteration 

products), opaques, and olivine. This type of reaction 

material is common in pyroxenite xenoliths with low Mgi's, 

and has been referred to as "decompression melts" (e.g • 

Wass, 1979). Amphibole from X-202 is the most modified of 

the samples studied, and has a reddish color which may be 

due to oxidation of iron (Ernst and Wai, 1970: Aoki, 1963) • 

20 



Figure 3. Drawings showing textural relationships of three 
of the amphiboles studied: a) a representative amphibole 
oikocryst (X-202), b) an amphibole selvage on lherzolite 
(X-168), and c) a hornblendite (X-178). Amphiboles are 
shown stippled with lines and pyroxenes are clear with 
lines. Less abundant minerals include garnet (clear), 
spinel (black), olivine (clear with small o), and mica 
(dense stipples and dense lines: present only in X-178). 
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All of the samples contain minute glass and opaque 

inclusions • 

On the basis of their fabrics and mineral chemistry, 

the xenoliths, including the amphibole oikocrysts, have been 

interpreted as cumulates, although other modes of origin for 

the amphibole (such as metasomatic fluids) cannot be ruled 

out (Best, 1975). It has been suggested (Wilshire et al., 

1971, 1980) that amphibole-rich selvages are actually the 

remnants of veins which have split along planes of weakness 

during transport to the surface. Extensive postcumulus 

reaction between liquid (amphiboles) and anhydrous cumulus 

grains is evident in most xenoliths for both oikocrysts and 

selvages (Best, 1975). More details regarding the texture 

and mineralogy of the amphiboles and their hosts may be 

found in Best (1974, 1975) • 

RESULTS 

The Vulcan's Throne amphiboles may be described as 

titanian pargasites (according to the nomenclature of Leake, 

1978), except for the amphibole in sample X-176, which 

straddles the boundary between pargasite and kaersutite 

(Table 1). Despite the differences in modes of occurrence 

of the amphiboles investigated, there is little variation in 

major element composition between the different samples. In 
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Table 1 

Microprobe Analyses of Amphiboles From Ultramaf ic Xenoliths 
Vulcan's Throne Area, Grand Canyon, Arizona 

X-146 X-17 X-255 X-223 X-176 X-202 X-178 Selvage Megacryst Megacryst 
Sample Oikocryst Oikocryst Oikocryst Oikocryst Oikocryst Oikocryst Hornblendite X-168 1 2 

Si02 41.50 41.46 40.37 40.99 40.15 41.35 40.44 41.48 40.90 40 . 76 
Ti02 2.61 2. 76 3 . 32 3.36 4.50 3.80 3 .30 2.78 3.83 3.49 
A1 203 15.63 15.48 15.50 15.43 15.18 14 . 90 14 . 57 15.66 15.73 15.94 
Cr 203 0.40 0.21 0.08 0 . 36 0.07 0.33 0 . 01 0.46 0.06 0.02 
FeO* 7.16 7.01 9 . 48 7. 91 10.20 9.13 10.96 6.81 8.02 9.10 
HnO 0.11 0.08 0.05 0 . 07 0.11 0.07 0.07 0.11 0 . 08 0 . 10 
MgO 16.03 15.63 14.21 15.54 13.39 13.80 12. 95 15.81 13. 75 12.95 
eao 11.37 10.89 10.76 11. 02 10.28 10.55 10.52 11.56 10 . 37 10.38 
Na20 2 . 47 2.77 2 . 77 2 . 76 2 . 77 2.92 2. 79 2.76 2.84 2.87 
K20 1.07 1.27 0.94 1.55 1.51 1.20 1.66 1.32 1.44 1.39 

Total 98.35 97.56 97 .48 98.99 98.16 98.05 97 .27 98.75 97 .02 97 .oo 

tJ Cation Norm Based on 23 Oxygens 
~ 

Si 5.96 5.99 5 . 91 5 . 90 5 . 87 6.01 5 . 99 5.94 5.97 5.98 
AlIV 2 .04 2.01 2.09 2.10 2.13 1.99 2.01 2 . 06 2 . 03 2 . 02 
A1VI 0.61 0.63 0.58 0.51 0.49 0.56 0.54 0.58 0.68 0. 74 
Ti 0.28 - 0 . 30 0.37 0.36 0.50 0.42 0.37 0. 29 0.42 0.39 
Cr 0.05 0.03 0.01 0.04 0.01 0.04 0. 00 0.05 0 . 01 0.00 
Fe 0.85 0.85 1.16 0.95 1.25 1.11 1.36 0.81 0 . 98 1.12 
Mn 0.01 0.01 0.01 0.01 0 . 01 0.01 0.01 0.01 0 . 01 0 . 01 
Mg 3.43 3.37 3. 10 3.33 2. 92 2.99 2.86 3.37 2.99 2.83 
Ca 1. 75 1.69 1.69 1. 70 1. 61 1.64 1. 67 1. 77 1. 62 1.63 
Na 0.68 0.78 o. 79 o. 77 0 . 79 0.82 0.80 o. 76 0.80 0.82 
K 0.20 0.23 0.18 0.28 0.28 0.22 0 . 31 0.24 0.27 0.26 

Total 15.86 15.89 15.R9 15.95 15.86 15.81 15 . 92 15 . 88 15 . 78 15.80 

~ 80.1 79.9 72 .8 77.8 70.0 72.9 67.8 eo.6 75.3 71.6 Mg+ Fe 

*Total Iron as FeO. 
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addition, each amphibole is nearly homogeneous. There is no 

systematic chemical variation across the amphiboles such as 

noted by Wilshire et al. (1980), who attributed zoning of 

amphibole grains to infiltration metasomatism and 

replacement of original peridotite phases along amphibole

bearing veins. 

On a pyroxene quadrilateral, tie-lines connecting 

coexisting amphibole oikocrysts, and clinopyroxenes and 

orthopyroxenes from different xenoliths do not cross. 

However, tie-lines for selvage amphiboles and coexisting cpx 

and opx do cross tie-lines for the oikocrysts and coexisting 

pyroxenes (Best, 1974). These differences may, in part, 

result from reactions between the fluids and host minerals. 

The chemical similarity of the amphiboles that have 

obviously different modes of occurrence indicates that 

although these amphiboles may have a common origin they have 

reacted in varying degrees with host material of different 

compositions. 

Total volatile loss for all samples ranged from 1.27 to 

1. 75 weight-percent (Table 2). As expected, the principal 

volatile species observed in all samples was a2o from the 

rel ease of structurally bound hydroxyl groups. Other 

species expected to be structurally bound in the amphiboles 

(i.e. F, Cl) generally exhibited inverse concentration 

relationships with a2o content. The total a2o, F, and Cl in 

the amphiboles from Vulcan's Throne is insufficient to fill 
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Table 2 

Amphibole Volatile Abundance Determined 
by Mass Spectrometry (Wt . %) 

• Total 
Volatile 

Sample Loss H20 F Cl 02 C02 co CH • H2S S02 

Oikocrysts 
X-146 1.64 1.25 0. 12 0.01 0.11 0.06 0.04 0. 04 0 . 02 0. 00 • X-17 1. 75 1.19 0.11 0. 03 0. 22 0. 07 0.04 o. 05 0.05 0.01 
X-255 1.54 1.07 0.12 0.03 0.16 0. 07 0. 04 0. 04 0. 02 0. 02 
X-223 1.37 0.99 0. 07 0. 01 0. 14 0.06 0.06 0.03 0. 01 0. 02 
X-176 1.27 0. 84 0. 16 0 . 01 0.11 0. 06 0 . 02 0. 03 0. 05 0. 01 
X-202 1.40 0. 49 0. 16 0. 03 0. 54 0.10 0. 03 0. 02 o. 01 0 . 02 

Hornblendite 

• X-178 1.55 0. 90 0.32 0.01 0.14 0. 07 0. 03 0. 04 0. 01 0. 04 

Selvage 
X-168 1. 72 1.17 0.31 o. 03 0.09 0 . 03 0.03 0. 03 0 . 02 0. 01 

Megacrysts 
Ml 1 . 47 0.87 0. 21 0.01 0. 19 0.05 0. 02 0.03 0.03 0. 06 
M2 1. 59 0.87 0. 28 0. 01 0. 17 0. 07 0. 02 o. 02 o. 04 0. 11 • Values presented are averages of multiple runs. 

Estimated uncertainty for H20, F, Cl, and 02 is ±10% . 

• 

• 

• 

• 
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the 0(3) site of the amphibole structure. They contain only 

0.92 to 1.28 (except X-202: 0.58) of the 2 anions needed per 

formula unit (Hawthorne, 1983). Similar deficiencies of 

anions in mantle-derived amphiboles have been noted by 

Boettcher and O'Neil (1980) • 

Small and variable amounts of both oxidized and reduced 

carbon-containing species in the form of co2 , co, and CH 4 

were released from all samples. The presence of carbon

bearing species of higher molecular weight (e.g. c 2a4, c 2a6 , 

c 3 H8 ) was indicated by the observation of trace amounts of 

their characteristic ion fragmentation products. Small 

amounts of reduced and oxidized sulfur species (H2s and so2) 

were also observed in most of the samples analyzed. 

Concentrations of all carbon and sulfur species exhibited a 

great variability, even in splits of the same sample. This 

variability undoubtedly resulted from the lack of a defined 

crystallographic site capable of accommodating carbon- and 

sulfur-bearing species in the amphibole structure, as well 

as from instrumental limitations imposed by small sample 

sizes. 

The volatile release behavior of these amphiboles as a 

function of temperature is generally similar to that 

observed for a previously studied set of Ti-rich amphibole 

megacrysts (Garcia et al., 1980). Most of the volatiles 

were released over a relatively narrow temperature range, 

1000-ll00°c (Fig. 4) likely corresponding to breakdown of 
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the crystal structure of the mineral. Al 1 water (as H2 o) 

was eliminated from the sample in this initial volatile 

release, as were all carbon- and sulfur-bearing species 

Most of the 

chlorine (as Cl and HCl) was also released as a sharp peak 

concurrent with water (Fig. 4d). Fluorine, however, 

exhibited a bimodal release behavior which was not observed 

in the kaersutite megacrysts analyzed by Garcia et al • 

(1980). Small amounts of fluorine, principally in the form 

of HF, were released with water, but the bulk of the 

fluorine was released as atomic F in a broad second event 

100-1S0°c higher (Fig. 4c). The observation of a higher 

release temperature for F- than for OH- (as a2 o) is 

consistent with the observation by Cameron and Gibbs (1973) 

that M-F bonds are typically stronger than M-OH bonds 

(M =metal). All samples also released oxygen as o2 in 

weak, broad events at temperatures above those of the water 

release. The oxygen peak for sample X-202, however, 

exhibited two well defined o2 peaks, one concurrent with the 

water release and the other ioo 0 c higher. It is inferred 

from this o2 release pattern that a relatively large number 

of the hydroxyl sites in sample X-202 are occupied by the 

o2- species • 

To further investigate the release behavior of the 

major volatile species (H 2 o, F, o2 ) present in the 

amphiboles, a number of partial heating experiments were 
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performed. The samples were heated to just above the water 

release temperature and quenched. They were then weighed 

prior to being reheated to 130o 0 c. Amphiboles that had 

undergone the initial heating phase were found to retain 

individual grain identities, although sharp corners became 

slightly rounded. The subsequent heating to 1300°c 

completely melted the grains, producing a thin glass film on 

the bottom of the sample crucible. No water or carbon

bearing species were observed during the second heatings, 

and F and o2 release patterns were the same as those 

produced in a normal continuous heating experiment. Weight 

percents of volatile species calculated on the basis of 

these partial heating experiments were found to be equal 

(within experimental uncertainty) to those obtained from 

samples subjected to a single continuous heating to 13oo0 c. 

Many grains of the amphiboles investigated contain 

minute (fluid) inclusions clearly visible in thin section. 

To determine the nature of carbon- and sulfur-containing 

species possibly present in these inclusions, splits of 

selected samples (X-146, X-17) were rapidly heated in the 

mass spectrometer to just below their water release 

temperature, then quickly cooled to induce differential 

thermal expansion and contraction between the inclusions and 

their host minerals. This procedure has been found to 

induce a rapid release of included vapor (co2 , a2o, so2 ) 

from glass-vapor inclusions in olivine and plagioclase 
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grains (Killingley and Muenow, 1974, 1975b7 Delaney et al., 

19787 Garcia et al., 19797 Muenow et al., 1979). Small 

pressure surges thus produced are observed with the mass 

spectrometer as ion-intensity spikes corresponding to the 

mass of the vapor species released by rupture of the 

inclusion. Ion intensities of masses corresponding to the 

carbon- and sulfur-containing volatiles were individually 

monitored on a strip chart pen recorder to observe potential 

spiking behavior. Only masses 44 and 28 (the parent and 

principal fragment peaks of co2 ) exhibited observable 

spiking. From the relative intensities of individual mass 

28 and 44 spikes, however, it appears that the CO observed 

in the spiking runs results from fragmentation of co2 in the 

electron beam of the ionizer. The inclusions, therefore, 

likely contain mostly co2 , and the other carbon-bearing 

volatile species (e.g. CO, CH 4 , heavier hydrocarbons) are 

either not present in these fluid inclusions, or exist in 

such minute amounts in the individual inclusions as to be at 

or below detection levels (5 ppm) of the mass spectrometer • 

The observation of a predominantly co2 vapor phase in the 

inclusions of the Vulcan's Throne amphiboles is consistent 

with those reported by Bergman and Dubessy (1984). Using a 

micro laser-Raman spectroscopic technique to study the 

contents of fluid inclusions in vein amphiboles from Lunar 

Craters Volcanic Field, they reported mostly co2 with small 

amounts ('Vl0%) of co. 
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The appearance of reduced carbon and sulfur-bearing 

species could conceivably be accounted for by reactions 

between released water and microscopic graphite and sulfide 

incl us ions within the samples. 

include: 

2C + 2H20 = CH4 + C02 

3C + 2H20 = CH4 + 2CO 

FeS + a2o = FeO + H2s • 

Such reactions might 

(6) 

(7) 

(8) 

In order to determine whether these types of reactions 

contribute to the production of reduced species during 

analysis, the following experiment was performed. A small 

amount (~30 mg) of high purity graphite was added in the 

alumina cell liner with a typical sample of amphibole 

megacryst and analyzed as usual. There was no increase in 

the intensity of ca4, CO, or co2 during the water release as 

compared with the relative intensities of these species 

during normal runs. It therefore appears that even if 

graphite is present in trace amounts in the Vulcan's Throne 

amphiboles, it plays little or no role in determining the 

abundance of observed reduced carbon volatile species. 

Experimental difficulties associated with introducing 

sulfides (e.g. pyrrhotite) into the mass spectrometer 

preclude performing an experiment with sulfur analogous to 

the graphite experiment. The production of a2 s from 

sulfides according to reaction (8) cannot therefore be ruled 

out. 
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40Ar/36Ar and l3c values were determined for the 

oikocryst arnphibole X-233 and for an arnphibole rnegacryst 

f rorn the Hoover Darn area, described previously by Garcia et 

al. (1980). Carbon isotope data were obtained by heating 

the samples at 1000-ll00°c in the presence of wo3-Mno2 

oxidizing catalyst, followed by final oxidation with cuo. 

Mass spectrometric analysis of the co2 produced was 

performed by standard analytical techniques (Pineau et al., 

1976; Goodney and Kroopnick, 1978). 13c values obtained 

were -26.0 + 0.5 and -22.49 + 0.01 °/00 versus PDB for the 

X-233 and Hoover Darn sarnpl es, respectively. These values 

are typical of those obtained for noncarbonate carbon in 

ultrarnafic igneous rocks [-(22.2 - 27.1) 0 / 00 ; Feux and 

Baker, 19731 Hoefs, 1978]. Argon isotope data were obtained 

by heating samples in a molybdenum crucible in a quartz oven 

under high vacuum in the presence of an 3 8 Ar spike. 

Released argon was collected in LN2 cooled charcoal and 

subsequently released into a mass spectrometer for isotope 

analysis. 40Ar/36Ar values obtained for the arnphibole from 

X-223 and the Hoover Darn arnphibole rnegacryst are 309.4 and 

344.6, respectively. These values are typical of those of 

non-MORB mantle rocks (Thompson et al., 19781 Saito et al., 

1978). A K/Ar age date of 5.3 + 0.3 rn.y. results for the 

Vulcan's Throne oikocryst. This may represent a 

crystallization age, or, more likely, it represents a 

combination of the crystallization age and Ar loss caused by 
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heating of the amphibole during its transport in the basalt 

host • 

DISCUSSION 

No clear-cut relationship seems to exist between the 

mode of occurrence of amphiboles and the abundance of the 

predominant volatile, water (Table 2). variations in 

fluorine and sulfur content do, however, seem to show some 

correlation with mode of occurrence. Oikocryst amphiboles 

consistently contain lower fluorine contents (0.07-

0.16 wt.%) than samples of the other amphibole modes (0.21-

0.32 wt.%) • Likewise, the megacryst amphiboles are 

distinguished from the other amphiboles by relatively high 

but variable sulfur contents. No systematic variations in 

chlorine or carbon species are observed. 

The structural feature making amphibole a potentially 

significant volatile reservoir in the upper mantle is the 

crystal lographical ly defined 0(3) hydroxyl site. Al though 

it is usually assumed that OH, F, and Cl anions occupy the 

0(3) site, it has been shown that many mantle-derived 

amphiboles lack sufficient OH, F, and Cl concentrations to 

completely fill the 0(3) position (Boettcher and O'Neil, 

1980). Hawthorne (1983) suggested that this site may also 

be occupied by o2-, especially in oxyamphibol es. However, 
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the origin and role of o2- in this site is poorly 

understood. Dehydrogenation and oxidation processes could 

cause the replacement of o 2- for OH- at the 0(3) site. 

Ernst and Wai (1970) showed that dehydrogenation/oxidation 

occurs rapidly at high temperatures according to the 

reaction: Fe2+ + OH- = Fe3+ + o2- + l/2H2 in amphiboles that 

contain Fe2+. The amount of o2- produced by this mechanism 

at the 0(3) site ~hould therefore correlate with the amount 

of Fe3+ produced by oxidation. No such general correlation 

has been found for natural amphiboles, perhaps because of 

(i) cation substitutions involving Fe3+ or (ii) some process 

other than postcrystallization oxidation causing the 

substitution of o2- for OH- (Hawthorne, 1983). 

An alternative explanation for the appearance of o2- in 

the 0(3) site is that the amphiboles may crystallize 

hydroxyl deficient, with o 2- substituting for OH- and 

charge-balanced by substitution of a polyvalent cation 

(Leake, 19681 Hawthorne, 1983). Leake (1968) showed a 

strong negative correlation between OH+F+Cl and Ti in a set 

of amphiboles from the Adirondack mountains, although most 

other studies have failed to establish a similar correlation 

(Hawthorne, 1983) • 

The results of this investigation clearly show a strong 

negative relationship between the total OH+F+Cl and Ti in 

the Vulcan's Throne amphiboles. All of the samples studied, 

except for the strongly oxidized X-202, exhibit a linear 
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trend on a Ti versus 2-(0H+F+Cl) plot (Fig. 5). If it is 

assumed that the 0(3) site is completely occupied by OH-, 

F-, Cl - , or o2-, 2- (OH+F+Cl) indicates the number of o2- in 

the 0(3) site per formula unit. The hydroxyl deficiency in 

the Vulcan's Throne amphiboles probably occurred during the 

initial crystallization of the minerals rather than as a 

result of dehydrogenation/oxidation processes. The only 

amphibole showing obvious effects of oxidation (X-202) lies 

off the wel I-defined 1 ine in Figure s. It therefore seems 

likely that the other samples forming the well-defined trend 

in Figure 5 developed hydroxyl deficiencies during 

crystallization and that Ti must play a major role in 

charge-balancing the substitution of o2- for OH- in the 

hydroxyl site • 

Some o2 , which may have been released from the 0(3) 

site, was detected during the volatile analyses of all 

amphiboles studied. Specific weights obtained for volatile 

o2 may not reflect the total o2- content of the 0(3) site 

because the mass 32 ion intensity in the mass pyrograms was 

never observed to completely fall to background levels by 

1300°c (Fig. 4e). It is therefore likely that some of the 

oxygen occurring as o2- at the 0(3) site in the crystalline 

amphibole remained in the amphibole melt even at 13oo 0 c. 

Numerous natural glass samples analyzed using identical 

procedures exhibit no corresponding high-temperature oxygen 

release in their mass pyrograms (e.g. Graham, 19761 Byers, 
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1984), indicating that the appearance of this peak is truly 

characteristic of the amphiboles • 

An important result of this investigation of volatiles 

in mantle-derived amphiboles is the detection of significant 

amounts (>.OS wt.%) of reduced carbon-containing species, 

principally CO and ca4• A reinvestigation of the volatile 

data from Ti-rich amphibole megacrysts reported by Garcia et 

al. (1980) has shown that these, too, contain reduced 

carbon, but in trace amounts. These reduced species degas 

at the same temperature as the other volatiles in the 

amphibole samples (Fig. 4), indicating that they are 

probably tightly trapped within the mineral (perhaps at 

defect sites). It is unlikely that the hydrocarbons are an 

artifact of the analysis procedure, especially for reactions 

of gas species with graphite that might be contained in the 

amphiboles. An experiment involving addition of graphite to 

the amphibole during an analysis produced no enhancement in 

the concentrations of ca4 , co, or co2 during water release 

at high temperature. Gas phase molecular reactions 

subsequent to gas extraction but before analysis are also 

unlikely because the combination of high vacuum and a short 

(<5 cm), straight line molecular path between the sample 

cell orifice and the mass spectrometer ionizer allows little 

chance for molecular interactions within the beam or on 

sample surfaces • 
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Molecular reactions within the amphibole grains during 

heating but prior to release of volatiles cannot be ruled 

out. Small amounts of H2 have been detected concurrent with 

the water release from ionization of a2o in the mass 

spectrometer, but it is possible that dehydrogenation of the 

amphiboles by the mechanisms proposed by Ernst and Wai 

(1970) is also occurring during the water release, producing 

molecular hydrogen. Although not thermodynamically favored 

under the high-temperature and low-pressure conditions 

present in the mass spectrometer, reactions between H2 and 

co2 could conceivably produce small amounts of reduced 

carbon volatile species (e.g. co2 + 4H2 = CH4 + 2H20); see 

for example French (1966). However, some submarine glasses 

of andestic and basaltic compositions from mid-ocean ridges 

(Chaigneau et al., 1980; Byers et al., 1983) and diamonds 

(e.g. Melton and Giardini, 1975) have also been found to 

contain measurable quantities of reduced carbon species. 

The lower water or hydroxyl contents of these glasses and 

the absence of hydrous minerals reduces the likelihood that 

reactions involving a2 can account for their reduced-carbon 

volatile species. 

The presence of reduced carbon-containing species in 

the amphiboles has important implications for the oxygen 

fugacity of the upper mantle. Sato (1978) and Arculus and 

Delano (1981) suggested that mantle source material is more 

reduced than was predicted on the basis of the 
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coequilibrated magnetite-ilmenite assemblages (iron-wustite 

(IW) versus quartz-fayalite-magnetite (QFM) buffers1 

Haggerty, 1978). Arculus and Delano (1981) indicate that 

high pressures and the presence of a reduced, sol id carbon 

phase would favor the dominance of ca4 , co, and a2s over 

oxidized species of carbon and sulfur. The presence of ca4 

in the mantle is supported by its observation in diamond 

inclusions (see for example, Melton and Giardini, 1975) • 

Further support for a more reduced mantle comes from the 

observation of Mathez and Delaney (1981) of carbonaceous 

material in microcracks and vesicles of submarine basal ts 

from mid-ocean ridges and in intergrain cracks, along grain 

boundaries, and on the walls of fluid inclusions of 

peridotite nodules. On the basis of their results, Mathez 

and Delaney (1981) proposed the existence of an original 

magmatic vapor in which CO was a significant constituent, 

and from which elemental carbon and co2 are produced 

according to the reaction 2CO = co2 + c. The presence of a 

small but measurable CO and hydrocarbon component would 

suggest that the oxygen fugacity of the original magma 

system was probably less than the QFM buffer generally 

proposed to govern the oxygen fugaci ty of terrestrial 

magmatic processes. The present observations are consistent 

with the recent model proposed by Haggerty and Tompkins 

(1983) that there exists in the upper mantle (at 40 to 

100 km in typical continental lithosphere) a zone of 
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depleted 1 i thosphere with oxygen fugaci ty at or below the 

wustite-magnetite buffer. On the basis of experimental 

phase relationships, Best (1975) postulated that the 

amphibole-bearing xenoliths analyzed in this investigation 

crystallized at approximately 65 km. Detection of CO, CH4, 

and higher molecular weight hydrocarbons in mantle-derived 

arnphiboles supports the hypothesis that parts of the upper 

mantle may be reduced • 

SUMMARY 

Amphiboles from Vulcan's Throne occur as megacrysts, as 

oikocrysts in per idoti te and pyroxenite xenol i tbs, in 

amphibole-rich selvages on lherzolite xenoliths, and as 

grains in hornblendite xenoliths. Total volatiles measured 

from the amphiboles range from 1.27-1.75 wt.%, with water 

the principal volatile species. Lesser amounts of 

structurally bound fluorine, chlorine, and oxygen were also 

detected. The amphiboles studied are hydroxyl-deficient and 

the 0(3) site is probably partially occupied by o2-, 

detected as o2 during degassing of the amphiboles. Ti shows 

a strong correlation with the amount of hydroxyl deficiency 

in the amphiboles except for one oxidized sample. Thus, Ti 

is likely significant in charge balancing the substitution 

of o2- for OH- and the substitution probably occurred during 
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crystallization rather than by dehydrogenation. Small 

amounts of both oxidized and reduced carbon and sulfur

bearing volatile species (e.g. co2 , CO, CH 4 , so2 , and H2 S) 

were detected in al 1 samples. The observation of reduced 

carbon species supports the hypothesis that the oxygen 

fugacity of at least portions of the upper mantle is 

probably less than the quartz-fayalite-magnetite buffer • 
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CHAPTER IV 

VOLATILE CONTENTS OF PHLOGOPITE MICAS 

FROM SOUTH AFRICAN KIMBERLITES 

INTRODUCTION 

Phlogopite mica may occur in several distinct modes of 

occurrence in kimberlites. Mica occurring in peridotite 

nodules, as megacrysts, and in the MARIO (mica-amphibole

rutile-ilmenite-diopside) suite of nodules in kimberlites 

likely formed in the mantle and may therefore represent an 

important mineral reservoir for potassium, water, halogens, 

and other incompatible elements in that region of the earth 

(Smith, 1981; Smith et al., 1981; Aoki et al., 1981) • 

Differences in the modes of occurrence of the micas likely 

reflect distinct crystallization environments and/or post

crystal l ization histories which are further reflected in 

their chemical compositions and the textural relationships 

of the micas with surrounding minerals (e.g. Aoki, 1974; 

Carswell, 1975; Dawson and Smith, 1975, 1977; Smith et al., 

1978, 1981; Delaney et al., 1980). Differences in 

crystallization environments may also affect the volatile 

contents of micas exhibiting distinct modes of occurrence in 

kimberlites. The relative concentrations of species 
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occupying the hydroxyl site of the mica structure (i.e. OH-, 

F-, Cl-, and perhaps o2-) are determined by the relative 

activities of these species in the system from which the 

micas crystallized. This is of particular interest in 

characterizing the fluid or melt producing the MARID and 

megacryst suites of micas (Dawson and Smith, 1977) and those 

resulting from infiltration of metasomatic fluids into 

peridotite (e.g. Boettcher et al., 1979; Boettcher and 

O'Neil, 1980; Jones et al., 1982; Kramers et al., 1983). 

Chemical and volatile contents of the primary- and 

secondary-textured micas in peridotite xenoliths (Carswell, 

1975; Delaney et al., 1980) are also of interest since these 

may provide our clearest picture of the micas present in 

possible source regions of magma generation. 

This chapter reports an investigation of the major 

element and volatile compositions for some South African 

kimberlitic micas exhibiting various modes of occurrence. 

Major element and halogen analyses of several of the 

samples, as determined by electron microprobe, have been 

previously reported (Dawson and Smith, 1975, 1977; Delaney 

et al., 1980; Smith et al., 1981; Jones et al., 1982). 

water contents, however, cannot be directly determined by 

electron microprobe, and were not reported. Because water, 

structurally bound as hydroxyl ions, is an important 

component of hydroxyl minerals such as mica, its 

concentration in the mineral should be reported as part of 
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the compositional analysis when possible. The high 

temperature mass spectrometric technique for determination 

of volatile abundances used in this investigation allows 

complete analysis of all volatile species in the mineral. 

In addition, the mass pyrograms generated using this 

technique provide information about the temperature

dependence of volatile release, which is useful for 

determination of the site occupancy of specific volatile 

species within the mineral structure • 

SAMPLE DESCRIPTION 

The mica grains used for volatile analysis and the 

kirnberlitic xenoliths containing them are briefly described 

in Table 3. The samples were kindly provided by F.R. Boyd, 

P.A. Carswell, and J.B. Dawson. The micas are separated 

into three distinct classifications according to the 

mineralogy and texture of the host xenolith. Peridotite 

xenoliths are dominated by olivine with smaller amounts of 

mica, orthopyroxene, cl inopyroxene, opaque phases, and 

alteration products (chlorite, serpentine, magnetite). The 

MARIO suite nodules tend to be dominated by mica with lesser 

amounts of accessory minerals in some cases, and the 

megacryst (FRB483) consists entirely of mica. Some of the 

nodules, and particularly the peridotite xenoliths, contain 
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Table 3 

Description of Kicas Used for Volatile Analysis and Their Bost Xenoliths 

XENOLITD BUiEIW.QGY 4liJ2 ~ 

aica from oeridotite 1enoliths 
Clt31 aica(?)-amphibole-harzburgite 

Clt32 

Jt8 

JtlA 

Jt3 

primary aica: 1-2 am w/opaque inclusions, 
undeforaed 

secondary aica: replacing op1 and along 
grain boundaries 

olivine: v. large, deformed, kinked, 
20-30' serpentine 

op1: choked w/cp1 and secondary mica 
amphibole: 1 grain partially replaced 

by mica and chlorite 
alteration: cblorite, serpentine, aagnetite 

aica harzburgite 

primary mica: 2-3 11111, bent 
secondary aica: associated w/op1 
olivine: large, defromed, kinked, fractured, 

15' serpentine 
op1: some e1solution, bent, secondary aica 
cp1: rare 
spine ls 
alteration: cblorite, serpentine 

mica harzburgite 

primary aica: large, deformed, some zoned, 
nearly all free of inclusions 

secondary aica: associated w/op1 
olivine: large-v. large, kinked, fractured, 

serpentinized 
op1: rare 
alteration: cblorite, serpentine and 

aagnetite in olivine 

lherzolite 

primary aica: none 
secondary aica: irregular to subhedral, 

associtated w/opaques 
olivine: v. large, deforaed, kinked, 

15-25' serpentine 
op1: large, eztensive replacement 

by aica and opaques 
cpx: aaall, fractured, replaced by aica 
alteration: cblorite, serpentine, aagnetite 

peridotite 

primary aica: none 
secondary aica: randoa grains, weakly or 

undeformed, also in veins 
olivine: large, deformed, fractured, altered 
opx: large w/cp1 exsolution, aica inclusions 
cpx: large w/cp1 exsolution, rare 811111 

green grains 
alteration: large opaques, intergrown w/mica 
veins: filled w/mica, cblorite, 

apatite needles 

harzburgite 

primary aica: none 
secondary aica: replacing opx, undeformed, 

aany opaque inclusions 
olivine: v. large, weakly kinked, 

5-10' serpentine 
opx: replaced by aica 
cpx: partially replaced by aica (<5') 
alteration: serpentine and aagnetite replacing 

olivine, cblorite locally 
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aild alteration (chlorite) 
on rims, opaque inclusions 

some alteration on rims of most 
grains, opaque inclusions 

some alteration on rims, 
opaque inclusions in some 
grains 

thin rims of alteration 
(cblorite) on soae grains, 
opaque inclusions 

some alteration, ainor 
inclusions 

full of opaque inclusions, 
not possible to co11pletely 
separate aica from op1 
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Table 3. (Continued) 

Description of Kicaa Oaed for Volatile Analyaia and Their Boat Xenoliths 

UIPLt'l'B UNRB&!,QGY .aim JIQDS 

IARXD 1uite 
BD3655* strongly defor•ed, weakly abeared 

aica: to o.a ca, deforaed (bent and partly 
recrystallised) 

cps1 ~ Sea) aligbtly elongated, strongly 
deforaed, co .. only recrystallized 

opaquear lenaea, well preserved 
alterationr eztenaive chlorite along grain 

boundaries, (cal.cite ?) 

BD3654* v. deforaed (abeared) w/ainerala in lenaea 
aica: up to 1.1 ca 
cps: ~ 5 cm) rare esaolution, 

undulatory estinction 
opaques 
alteration: ainor chlorite, calcite (?) 

BD30BB* v. strongly deforaed v/porpbyroblasts 
in fine grained recrystallized aatris, 
foliated 
aica: (>95\) 

BD1159** aica: 70-85\ 
aapbibole: 10-20\ 
cps: 5-8' 
opaquea1 altered 
alteration: secondary aica along grain 

boundaries and cracks, rare 
calcite at grain boundaries 

BD3076* nodule from tbia aaaple unavailable 

Jtl 7* 

PRB493t 

undeforaed 
aica: ( 90\) esaolution of aica in aica 

~ 1 ca) 
opaques 
olivine: ( 1\) undulatory eztenction 
cps: interstitial, cboked w/opaquea, 

partially replaced by chlorite 
alteration: interstitial cblorite 

nodule from tbia sample unavailable 

aica uqacryat 
PRB483 

tiny inclusions 

aome small patcbes of 
alteration 

aoae grains partially 
recryatall is ed 

poor quality (cloudy 
w/abundant opaque inclusions) 

aoae grains partially 
recrystallized 

v. good quality 

clean, elongated grains 

* Tbeae aaaplea are described by D11¥aon (personal C011aUnication) aa apeciaena of tbe 
llARID suite of senolitba 

** PreYioualy described by D11¥aon and Saith (1975, 1977) 
*** Described by car-ell (personal commmicaton) aa a llARID suite nodule 
t Described by Boyd (personal comaunicaton) aa an ilaenite-bearing gli .. erite nodule 

and part of tbe llARID suite 
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micas exhibiting more than one mode of occurrence, as 

described by Carswell (1975), Boyd and Nixon (1978), and 

Delaney et al. (1980). The micas in these nodules have been 

classified, according to their appearance in thin section, 

as having either primary- or secondary-textures. The 

primary-textured micas tend to be relatively large (> 1.0 mm 

diameter), have equilibrium grain boundaries with adjacent 

silicate phases, and are often deformed. Secondary

textured micas are typically smaller (< 0.5 mm), and may 

appear as alteration rims around other minerals, as 

replacement products within a mineral, or associated with 

serpentine in veinlets throughout the rock. The mica grains 

used for volatile analysis were typically larger than 1 mm 

in diameter and thickness varied from very thin flakes to 

1/2 mm or more • 

RESULTS Aml DISCUSSION 

a. Mica Compositions 

Complete chemical analyses of hydrous minerals require 

the determination of volatile components occupying sites in 

the mineral structure, as well as the determination of 

cationic components contributing to the structural 

framework. Compositional analyses of the micas investigated 

50 

- -



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

(Table 4) include major elements (determined by electron 

microprobe) and volatile components believed to occupy 

structural sites (determined by high temperature mass 

spectrometry). Chemical formulas of the micas have been 

calculated on the basis of 24 anions according to the method 

of Deer et al. (1966). 

The major element analyses of the kimberlite micas 

(Table 4) were performed on mica grains in thin sections of 

the nodules in which textural relationships could be 

observed. Except for cases in which secondary-textured 

micas were all that were visible in the thin section (i.e • 

KlA, K3, and K6), analyses were performed on the interiors 

of large, course-textured mica grains. Splits of the mica 

samples actually used for the mass spectrometric analyses 

were grain-mounted in an epoxy plug and analyzed for Sio2 , 

Al 2 o 3 , Tio2 , FeO, MgO, and K2 o to check whether the 

microprobe analyses obtained from the thin sections were 

truely representative of the micas analyzed mass 

spectrometrically. In all cases the results of the initial 

microprobe analyses were consistent with the results of the 

subsequent analyses of the individual grains. 

The composition of mica from sample KlA, as determined 

in the present study, agrees closely with an analysis of 

mica from this nodule reported by Delaney et al. (1980). 

Compositions of the other micas from this group of 

peridotite nodules deviate in varying degrees from those 
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Table 4 

• Chemical Analyses of Micas From Kimberlites 

Mica from Eeridotite xenoliths 

KlA K3 KB CK31 CK32 K6 

• Si02 42 . 11 42.51 42 . 22 42 . 24 42 . 70 42 . 90 
Ti02 0.07 0. 71 0. 56 0.46 0. 63 0. 09 
Al 203 12 . 75 11. 57 10.89 10.45 10. 80 11.51 
Cr203 0. 51 0. 64 0.26 0. 31 0.45 0. 29 
FeO* 2. 51 3. 15 4 . 92 3. 96 3 . 77 3. 05 
MnO 0.02 0. 02 o. 02 0.00 0. 01 o. 04 
MgO 26 . 88 26. 13 25.82 26. 74 25. 67 26. 80 
NiO 0. 20 0.22 0.24 0.19 0.17 0.20 • eao 0.00 0. 00 o. oo 0.01 0. 03 0. 01 
Na 20 0.44 0.23 0.17 0.14 0.11 0.21 
K20 9.90 10. 67 10.88 10. 98 10. 79 10.31 
F 0. 05 0.54 0. 53 0.18 0. 35 0.02 -
Cl 0. 04 0.06 o. 07 o. 04 0. 04 0. 02 • 
H20 4.12 3.54 3. 55 4.57 4. 42 3. 53 

• Sum 99 . 60 99.99 100. 13 100. 27 99. 94 98. 98 

C-F, Cl 0. 03 0.24 0. 24 o. 08 0.16 0. 01 
Total 99.57 99.75 99. 89 100. 19 99.78 98 . 97 

Ionic Formulas Calculated on the Basis of 24 (0 1 0H 1 F1 Cl) 

Si 5. 931 6. 043 6. 050 5. 962 6. 032 6.131 • Alz 2.069 1. 939 1.839 1. 738 1. 798 1.869 
Aly o. 047 0.000 0.000 o. ooo 0.000 0.070 
Ti o. 007 0. 076 0.060 0. 049 o. 067 0.010 
Cr 0. 057 o. 072 o. 029 o. 035 0.050 0.033 
Fe 0.296 0.375 0.590 0.467 0.455 0.365 
Mn 0. 002 0. 002 o. 002 o. 000 o. 001 0. 005 
Mg 5. 643 5. 537 5. 515 5. 625 5.405 5. 709 

• Ni o. 023 0. 025 0.028 o. 022 0. 019 0. 023 
Ca 0. 000 o.ooo 0. 000 o. 002 0.005 0.002 
Na 0. 120 0.063 0. 047 0.038 0. 030 0.058 
K 1. 779 1. 935 1. 989 1. 977 1. 945 1.880 
F o. 022 0. 243 0. 240 o. 080 0.156 0.009 
Cl 0. 010 0. 014 0.017 0.010 0.010 0.005 
OH 3.870 3.357 3.393 4. 302 4.165 3.365 

• Cation Totals 

z* 8.00 7. 98 7.89 7.70 7.83 8.00 
y 6. 05 6.06 6.20 6.18 5.97 6.19 
x 1.90 2.00 2.04 2 . 02 1. 98 1. 94

4 OH+F+Cl 3. 90 3. 61 3. 65 4.39 4.33 3.38 
Mgil t 95.0 93.7 90.3 92.3 92.4 94. 0 

• 
*Total iron as FeO. 
tx, Y and Z refer to the general mica formula: 
X2Y~-6Ze020 (OH,F,Cl) 
Z • Si+Al 2 ; Y • Aly+Ti+<:r+Fe-+Mn+Mg+Ni; X • Ca,Na,K. 

tMg# s Mg/Mg+Fe. 

• A Low OH+F+Cl due to inability to separate a pure mica sample 
for volatile analysis. 
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Table 4 (Continued) 

• Chemical Analyses of Micas From Kimberlites 

MARID Suite Mesacr:i:st 

BD3076 BD3088 BD3655 BD3654 BD1159 FRB493 Kl7 FRB483 

Si02 41. 63 41.48 41. 85 41.53 43. 63 41.58 41. 09 41.20 • Ti02 1.36 1. 36 0.66 0.66 2.37 1.14 0.16 1. 00 
A1203 12. 65 12. 61 11.41 11.52 9.50 12.44 8. 61 12.36 
Cn03 0.25 0.23 0.10 0.11 0.15 0.18 0.03 0.10 
FeO* 3. 76 4. 03 4.73 4. 74 8.60 3. 81 10. 25 7.18 
HnO 0.02 0.08 0. 03 0. 02 o. 05 0. 01 o. 04 0.05 
MgO 24.45 24.80 25.14 25.17 21.14 24. 98 24 . 43 23. 02 
NiO 0. 15 0.11 0.13 0.14 0.04 0.08 o. 03 0.06 

• eao 0.00 o. 02 0. 01 o. 04 0.00 o.oo 0.00 0.00 
Na20 0.11 0.13 0.09 0.10 o. 07 0.10 0.11 0. 13 
K20 10. 95 10. 98 10. 98 10. 94 10.24 11.15 10. 71 10. 69 
F 0.29 0.37 0.34 0.90 0.61 0.47 0.47 0. 46 
Cl 0. 07 0.06 o. 02 0. 04 0.06 0. 03 o. 04 o. 04 
H20 4.06 4.25 4.73 3.84 4. 04 4. 63 4.86 3.88 

Sum 99.75 100. 51 100.22 99.75 100. so 100.60 100.83 100.17 

• 0-F ,Cl 0.14 0. 17 0.15 0.39 0.27 0.20 0. 21 0. 20 
Total 99.61 100. 34 100. 07 99.36 100.23 100.40 100. 62 99.97 

Ionic Formulas Calculated on the Basis of 24 (0 1 0H 1 F1 Cl) 

Si s. 918 5.855 s. 909 5. 949 6.245 5.836 s. 918 5. 924 

• Alz 2. 082 2. 098 1.899 1. 945 1. 603 2. 058 1.461 2. 076 
Al 0.037 0.000 0.000 0.000 0.000 0.000 0.000 0. 018 
Tiy 0.145 0.144 0. 070 o. 071 0.255 0.120 0.017 0.108 
Cr 0. 028 0. 026 0. 011 0.012 0.017 0. 020 0.003 o. 011 
Fe 0.447 0.476 0.559 0.568 1. 030 0.447 1.235 0.863 
Mn 0.002 0. 010 o. 004 0.002 0.006 0. 001 0.005 0. 006 
Mg 5.180 5.218 5.291 5.374 4.510 5.226 5.244 4. 933 
Ni o. 017 0.012 0.015 0. 016 0.005 0.009 0.003 o. 007 

• Ca 0.000 0.003 0. 002 0.006 0.000 o.ooo o.ooo 0.000 
Na 0. 030 o. 036 o. 025 0. 028 0.019 0.027 0.031 o. 036 
K 1. 986 1. 977 1. 978 1. 999 1.870 1. 996 1. 968 1. 961 
F 0.130 0.165 0.152 0.408 0.276 0.209 0.214 0.209 
Cl 0.017 0.014 0.005 0. 010 o. 015 0.007 o. 010 0. 010 
OH 3.849 4. 002 4.455 3.669 3.857 4.335 4.669 3.721 

• Cat ion Totals 

z* 8.00 7. 95 7.81 7.89 7.85 7.89 7.38 8.00 
y 5.84 5.87 5. 93 6. 03 5.82 5.81 6.50 5. 94 
x 2. 02 2.02 2.00 2. 03 1.89 2. 02 2.00 2. 00 
OH+F+Cl 4.00 4.18 4. 67 4.12 4.15 4.55 4.89 3. 94 
Mgni° 92.1 91. 6 90.5 90.4 81.4 92.1 80.9 85.1 

• *Total iron as FeO. 
*x, Y and Z refer to the general mica formula: X2Y~-&Ze020 (OH,F,Cl) 

Z • Si+Alz; Y • Aly+Ti+Cr+F~+Mg+Ni; X • Ca,Na,K. 
tHgfl • Hg/Hg+Fe • 

• 
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\ 
reported previously (Delaney et al., 1980). such deviations 

are not entirely unexpected in light of the various modes of 

occurrence in which the micas appear in these nodules. 

Delaney et al. (1980) report analyses of two compositionally 

distinct secondary-textured micas from sample KS. A third 

analysis of an "early" mica from this nodule (Kramers et 

al., 1983) is in close agreement with the composition of the 

mica from KS determined in the present investigation 

(Table 4). 

None of the micas from per idoti te nodules analyzed in 

the present study contain the high Tio2 contents 

(>l.25 wt.%) characteristic of those which have been 

interpreted as resulting from metasomatic veining events 

(Jones et al., 19S3). The higher Tio2 contents of some of 

the MARIO micas may be characteristic of samples from that 

suite. The composition of mica from the MARIO suite nodule 

BD1159, which contains the highest Tio2 of any of the micas, 

is similar to an analysis reported for that sample by Dawson 

and Smith (1977), except Al 2o3 , which was found to be 0.70 

wt.% higher in the present investigation. 

Correlation diagrams commonly appearing in the 

literature dealing with kimberlitic micas include plots of 

Feo* ( = total iron as FeO) vs. cr2o3 (e.g. Dawson and 

Smith, 1975, 1977; Apter et al. 19S4; Wyatt and Lawless, 

19S4) and Feo* vs. Tio2 (e.g. Delaney et al., 19SO; Jones et 

al., 19S2; Apter et al., 19S4; Wyatt and Lawless, 19S4). 
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Mica data from the present investigation are plotted in 

Figure 6 for comparison with the fields defined for various 

suites by other workers. Whereas the micas from peridotite 

nodules and those from the MARIO and megacryst suites may be 

segregated into compositonally distinct fields, they are 

clearly not confined to the fields defined by previous 

workers. The low iron contents of several of the MARIO 

suite micas (3.76-4.74 wt.% Feo*> brings these within the 

* range of the FeO values of the primary- and secondary-

textured micas in the peridotite nodules (2.51-4.92 wt.%). 

The MARIO suite micas are distinguished, however, by their 

generally higher Tio2 and lower cr2 o 3 contents (Fig. 6). 

The mica megacryst (FRB483) falls into the middle of the 

MARIO suite micas, perhaps supporting the proposal (Dawson 

and Smith, 1977) that some mica megacrysts in kimberlites 

may have crystallized from the same fluid producing the 

MARIO suite of nodules • 

b. Mica Volatiles 

1. Volatile Release Behavior 

The volatile release behavior of MARIO suite micas, 

megacryst micas, and micas from the peridotite nodules are 

all very similar. Most of the major volatile species 
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Figure 6. variations in cr2o3 and Tio2 as functions of Feo* 
in the kimberlite micas. Data from this investigation are 
shown as individual points (A = mica from peridotite 
nodules, a = MARID suite mica, o = megacryst mica) • 
Outlined fields are constructed from data of Dawson and 
Smith (1977) and Delaney et al. (1980) (after Wyatt and 
Lawless, 1984). 
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present in the micas are released in the relatively narrow 

temperature range, 1000-11S0°c (Fig. 7). The water release 

peak typically exhibits a low temperature shoulder extending 

below 1000° (Fig. 7a). In the K17 mica release pattern this 

low temperature shoulder begins at approximately 800°C and 

gradually rises to the maximum H2o intensity (at ~1100°c) 

before falling abruptly to background levels on the high 

temperature side of the release peak. Fluorine (as F+, 

m/e=19) tends to lag the release of water by ~so 0c and may 

extend above 1200°c (Fig. 7a,c). An additional but smaller 

contribution to the total fluorine is detected as HF+ 

(m/e=20) and observed concurrent with the water release 

(Fig. 7c). 

(Fig. 7a,d) • 

Chlorine is typically observed with water 

Carbon-bearing species (CH4, CO, and co2) were detected 

in all of the micas analyzed (Fig. 7b), and appear 

concurrent with the water release. The amounts of these 

species, however, tend to be somewhat variable (see below), 

even between splits of the same sample. Carbon-bearing 

volatile species are not likely to be incorporated within 

the mica structure, but may exist at structural defects 

and/or trapped in inclusions in the mineral grains. Non

structural species existing in either of these sites are 

likely to be retained by the grains during heating until the 

mica structure breaks down near ll00°c • 
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Figure 7. Mass pyrograms of a phlogopite mica megacryst 
showing typical release behavior of major volatile species. 
a) H20, F, Cl and b) CH4 (as CH3 +), CO, co2 • 
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Figure 7 (continued). Mass pyrograms of a phlogopite mica 
megacryst. c) F, HF and d) Cl, HCl • 

59 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

~ 
~ 
H 
Ul z 
UJ 
~ 
z 
H 

z 
0 
H 

~ 

~ 
....J 
0 
> 
"-' 

~ 
~ 
H 
Ul z 
UJ 
~ z 
H 

z 
0 
H 

1..11.1.6 

1..118'1 

1...12 

1..118 

1..8+ 

l..IN 

SAMPLE SIZE= i9.597MG HEATING RATE= 5.37 C/MIN 

e 

*-Na• ex 5) f l!I - 02· 
.6. - K + 

ua 7111.. 9811. 1.1118. 1398. 

TEMPERATURE C 
MICA FR8483 

Figure 7 (continued). Mass pyrograms of a phlogopite mica 
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Sample-released oxygen (observed as 0 2+1 m/e = 32) 

rises above the background intensity of that species near 

ll00°c and remains above background through the end of the 

run at 1300°c (Fig. 7f). The release patterns of all 

volatile species other than oxygen tend to appear as wel 1 

defined peaks above background levels of the individual 

masses monitored. A small o2 release-peak is observed in 

the mass pyrogram of the Kl7 mica, coinciding with the F 

release from this sample. Carbon-and sulfur-bearing species 

are typically observed concurrent with the major water 

release (Fig. 7b,e) • 

In addition to the major volatile release occurring 

near ll00°c, some of the mica samples produce small-to

moderate intensity low temperature (650-7S0°c) volatile 

release events (e.g. see Fig. 7). These low temperature 

events generally involve water and/or small amounts of 

carbon- and sulfur-bearing species (e.g. co2 , CO, CH4 , H2 s) 

and tend to be more prominant in (but not limited to) the 

release patterns of samples from the peridotite nodules. It 

is likely that the low temperature volatile release results 

from the presence of additional mineral phases which were 

not effectively separated during the sample picking 

procedure. Carefully repicked splits of samples exhibiting 

low temperature volatile release behavior during initial 

analyses typically behave similarly in subsequent runs. The 

relative amounts of volatiles released during the high and 
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low temperature events do, however, tend to vary somewhat 

between runs • 

As noted in Table 3, the rims of many of the micas 

grains used for volatile analysis contained alteration 

products (chiefly chlorite). Differential thermal analysis 

(DTA) data (Smycatz-Kloss, 1974) indicate that dehydration 

of chlorite occurs between 600 and 700°c. In calculations 

of the volatile contents of the micas the low temperature 

events are assumed not to originate from the micas, and 

masses corresponding to the low temperature release peaks 

are subtracted from the total weight loss of the sample • 

Sample K6, consisting of an intimate intergrowth of 

mica and the orthopyroxene which it is replacing, also 

released its volatiles between 700 and 800°c (Fig. 8). The 

reason for the distinctive volatile release behavior of this 

sample is, however, unclear. The presence of both mica and 

orthopyroxene in the grains of K6 used for mass 

spectrometric analysis was confirmed by the x-ray powder 

diffraction pattern of a split of this sample. No volatile 

species were detected from this sample above 900°c. The 

amounts of both carbon- and sulfur-bearing species released 

from the K6 mica are particularly high (Table 5) and are 

probably not representative of the mica itself. 

Despite the water and halogen losses from the hydr·oxyl 

sites in the crystal structures of most of the micas at 

~i100°c, the identities of individual phlogopite mica grains 
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the samples investigated. 
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are preserved to at least 1300°c. After loss of their 

volatiles the micas appear grayish in color and are quite 

brittle. In addition, grain surfaces appear blistered, 

presumably due to high internal vapor pressure of the 

released volatile species, and the resulting delamination of 

the mica sheets • 

2. Volatile Compositions 

Complete volatile analyses of the kimberlitic 

phlogopite micas, including carbon and sulfur species, are 

reported in Table 5. Total volatile losses from the micas 

range from 4.70 to 6.40 wt.%, with significant weight loss 

contributions from carbon-bearing species (>0.25 wt.%) and 

oxygen (0.03-0.36 wt.%). Con tr ibut ions from sulfur-bearing 

species (H2s and so2) are small (~ 0.04 wt.%, excluding K6), 

but detectible in nearly all samples. Weight losses due to 

species commonly assumed to occupy the hydroxyl sites in the 

mineral structures (i.e. H2o, F, Cl) also exhibit a fairly 

broad range, with the total H2o+F+Cl loss extending from 

4.14 to 5.37 wt.% (excluding K6; 3.57). As noted in 

Table 3, the mica from K6 is completely intergrown with 

orthopyroxene and a pure mica sample could not be separated 

from this nodule. Consequently, the volatile content of the 
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Table 5 

• Volatile Contents of Micas From Kimberlites 

Total Vol. 
Sample Loss (wt . %) %H2o %F %Cl %02 i.CH4 %CO %C02 %H2S i.S02 

from 2eridotite xenoliths 

• Kl A 4. 77 4.12 0.05 0. 04 0. 14 0 . 05 0. 05 0.31 0. 01 0.00 
K3 4. 70 3.54 0. 54 0. 06 0.20 0. 05 0. 08 0. 21 0 . 02 0 . 00 
KB 4. 88 3. 55 0 . 53 0. 07 0. 20 0 . 06 0.11 0. 35 0. 01 0 . 00 
CK31 5 . 28 4.57 0. 18 0.04 0. 15 0. 05 0 . 07 0 . 20 0. 02 0. 00 
CK32 5. 28 4 . 42 0. 35 0. 04 0.19 0.03 0. 08 0.21 0.02 0. 00 
K6 4. 95 3. 53 0 . 02 0.02 0. 03 0 . 12 0.08 1. 03 0.12 o.oo 

• MAR ID suite 

BD3076 5.04 4.06 0.29 0.07 0. 18 0.07 0 . 08 0.25 0. 04 0 . 00 
BD3088 5. 09 4.25 0. 37 0. 06 0.03 0. 04 0. 08 0. 23 0. 03 0.00 
BD3655 5.59 4. 73 0.34 0.02 0.13 0.05 0. 07 0 . 24 0. 00 0. 00 
BD3654 5. 36 3. 84 0. 90 0.04 0.18 0.05 0. 07 0. 24 0. 04 0 . 00 
BD1159 5. 77 4. 04 0.61 0.06 0.24 o. 04 0.10 0. 11 0.02 0. 02 
FRB493 5. 74 4 . 63 0. 47 0. 03 0 . 26 0.05 0. 06 0. 21 0. 03 0.00 .. Kl7 6. 40 4. 86 0.47 0.04 0. 36 0.03 0. 03 0.58 0.03 0.01 

megacryst 

FRB483 4.98 3.88 0.46 0. 04 0.20 0.04 0. 06 0 . 26 0. 03 0 . 01 

Values presented are averages of multiple runs • • Estimated uncertainty for H2o, F, Cl, and o2 is ±10%. 

• 

• 

• 
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K6 mica must be taken as a lower limit, although volatile 

ratios (e.g. F/Cl) should be unaffected • 

The formula for pure endmember hydroxyl phlogopite 

(K2 Mg6 [si6Al 2o20 ] (OH) 4; Deer et al., 1966) contains roughly 

4.2 wt.% water if two hydroxyls are assumed to form one 

water molecule plus an intertetrahedral bridging oxygen 

during the dehydroxylation reaction. The substitution of F-

or Cl- for OH- increases the total weight of the species 

released from the the micas because the hydroxyl sites 

occupied by halogen ions each release a single atom of 

relatively large mass (19 and 35.5 amu for F and Cl, 

respectively). However, two hydroxyl groups are required to 

produce a single H2o molecule (molecular weight = 18 amu). 

Clearly the H20+F+Cl contents of some of the micas 

analyzed are greater than predicted on the basis of the 

endmember phlogopite formula. This is reflected in the high 

OH-, F-, and Cl- anion totals (>4.00) in their calculated 

ionic compositions (Table 4). Substitution of H3o+ for K+ 

or Na+ in the interlayer (X) cation site of the mica 

structure could account for a low abundance of interlayer 

cations and/or high water and halogen contents in some mica 

analyses (Deer et al, 1962). Although a few of the samples 

analyzed do contain slightly low X cation contents (<2.00 

per 24 oxygens; Table 4), there is no apparent correlation 

between X site deficiencies and excess water and halogen 

contents. Many of the samples contain sufficient sodium and 

66 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

potassium cations to fill the X site, but still contain 

higher water and halogen contents than expected on the basis 

of the ideal mica formula. No volatiles were detected from 

the micas at low temperatures (50-500°C), and it is unlikely 

that the high weight loss from these samples is attributable 

to adsorbed water (H2o-). Because of the nature of the 

samples, it is likely that the mica grains used for volatile 

analysis contained small amounts of additional volatile-rich 

phases (e.g. chlorite and/or serpentine) which would 

contribute to the larger than expected total weight losses. 

As discussed above, several of the samples produced smal 1 

volatile release events near 100°c (or rv400°c below the mica 

volatile-release temperature). However, volatiles released 

during these lower temperature events were not included in 

the volatile weight losses reported from the micas in 

Table 5. 

Because sufficient OH+F+Cl exists in most of the micas 

to fill the hydroxyl site, it is unlikely that the o2 

detected during volatile analysis is due to non-hydroxyl 

oxygens (e.g. o2-) filling this site as proposed for the o2 

release from amphiboles (chapter 3). No correlation exists 

between hydroxyl site deficiencies (or excesses) and the o2 

detected during volatile analysis. o2 may be produced 

during vitrification or recrystallization of the sample 

grains on breakdown of the mica structure at high 

temperature. X-ray powder diffraction patterns of the 
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residual material after volatile analysis indicates that a 

number of crystalline phases (including forsterite and 

leucite) are present. It is not clear, however, whether 

these new phases are produced by recrystallization during 

heating or upon quenching the sample from 1300°c at the end 

of a volatile analysis run. 

Smith et al. (1981) have attempted to show that the F 

and Cl contents of micas from kimberlites separates them 

into fields according to their mode of occurrence. They 

observed that micas having unambiguously primary textural 

relationships with other minerals in peridotite xenoliths 

have F and Cl values falling within a field defined by 0.04-

0.11 wt.% Cl and 0.15-0. 73 wt.% F (Fig. 9). This field is 

distinct from that containing the secondary-textured micas, 

whose F values overlap those of the primary-textured group, 

but whose Cl values tend to be lower (0.01-0.04 wt.%). 

Because of the sample separation procedure required for 

volatile analysis in the mass spectrometer, it may not be 

valid, in the present study, to distinguish between volatile 

contents of primary- and secondary-textured micas in the 

peridoti te xenol i ths. It is interesting to note, however, 

that micas from K6 and KlA nodules, which show only 

secondary-textured mica in thin section (Table 3), both 

contain extremely low fluorine contents (~0.05 wt.%). The F 

and Cl contents of all of the micas analyzed from these 

nodules in this investigation, however, fall in or near the 
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Figure 9. Relation between F and Cl in micas from kimberlite nodules. 
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halogen fields previously defined for the micas on the basis 

of microprobe analyses (Fig. 9) • 

Fluorine and chlorine contents were also plotted by 

Smith et al. (1981) for a large number of mica megacrysts 

and 8 MARIO suite micas. The MARIO suite micas form a tight 

cluster (0.01-0.03 wt.% Cl and o. 78-0.93 wt.% F) which falls 

within a larger field containing the mica megacrysts 

(Fig. 9). Although the latter (megacryst) field is narrow 

with respect to its F values (0.6-1.1 wt.%, excluding two 

samples having in excess of 1.5 wt.% F), the Cl values range 

widely, (0.01 to 0.6 wt.%). The one mica megacryst analyzed 

in the present study (FRB483) contains less F than the 

megacryst group as outlined by Smith et al. (1981). Most of 

the MARIO suite samples in the present study also deviate 

from the Smith et al. (1981) MARIO cluster, having somewhat 

lower fluorine (2,0.29 wt.%) and higher Cl (.~0.07 wt.%) 

(Fig. 9). This deviation may be consistent with differences 

* in major element compositions (most notably the FeO values) 

between many of the samples analyzed in the present study 

and those originally used to define the MARIO suite (Dawson 

and Smith, 1977). Halogen compositions of the MARIO suite 

micas presented here do, however, fall within the range of 

values reported by Boettcher and O'Neil (1980) for 

phlogopite micas from "glimmerite" nodules which are 

presumed to belong to the MARIO suite (Smith et al., 1981) • 

Halogen contents of the kimberlite micas (like their oxide 
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components discussed above) indicate that compositional 

fields previously defined on the basis of a limited data set 

may require revision as additional mica analyses become 

available. This appears to be particularly true for the 

MARIO suite micas whose compositions exhibit considerably 

greater variability than had been previously determined 

(Dawson and Smith, 1977; Smith et al., 1981) • 

c. Conditions of MARIO Suite Crystallization 

Inferences about the oxidation states of systems in 

which minerals crystallize have been made both on the basis 

of major element and volatile data from those minerals • 

Dawson and Smith (1977) proposed that the MARID suite of 

nodules crystallized "under oxidizing conditions from a 

magma, chemically similar to kimberlite, within the higher 

part of the upper mantle." The high oxidation state of the 

magma from which the MARID micas are to have crystallized is 

inferred from the requirement that some tetrahedral Fe3+ 

must exist in the mineral to completely fill the 8 

tetrahedral (Z) sites per formula unit not occupied by si4+ 

or Al 3+. Farmer and Boettcher (1981) have argued, however, 

that Ti4+ occupies the tetrahedral site in mica structures 

preferentially to Fe3+. If the Ti contents of the MARID 

suite micas of Dawson and Smith (1977) are considered, some 
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Fe3+ is still required to fill the tetrahedral sites in most 

of the samples, but in considerably smaller quantities than 

originally estimated. Of the MARID suite micas analyzed in 

the present study, all but one contain sufficient or nearly 

sufficient (within 2%) Si+Al+Ti to fill all tetrahedral 

sites. * Kl7 mica, containing over 10 wt.% FeO , is, however, 

significantly short of tetrahedral cations (by ~8%) if Fe3+ 

were not considered. Other micas of this suite which were 

analyzed (BD3088, BD3076, BD3655, BD3654, and FRB493) 

contain significantly lower FeO contents than have been 

previously reported for MARID suite micas (5-11 wt.%, Dawson 

and Smith, 1977). 

Mica from K17, having the highest FeO of any of the 

samples, and clearly requiring some Fe3+ in its structure to 

fill the tetrahedral sites, also contains the highest ratio 

of oxidized to reduced carbon (co2/Co+CH4). This is largely 

a result of its high co2 content (0.58 wt.%), but also its 

relatively low abundance of reduced carbon species (0.03 

wt.% CH 4 and 0.03 wt.% CO). Kl 7 mica also contains the 

highest water content (4.86 wt.%) and released the greatest 

amount of o2 (0.36 wt.%) of any of the micas analyzed. It 

therefore appears that both the major element and volatile 

data for the K17 mica may support the proposal that the 

MARID suite crystallized under relatively oxidizing 

conditions (Dawson and Smith, 1977). This conclusion does 

not, however, appear to be supported by the results of 
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either major element or volatile analyses of the other MARIO 

suite samples studied here, including B01159 (with the 

lowest co2/co+cB4), which is one of the samples originally 

used to define the MARIO suite (Dawson and Smith, 1977). 

The detection of reduced carbon species during volatile 

analyses of mantle-derived amphiboles has been interpreted 

as indicating an oxidation state of their source region 

below the quartz-f ayal i te-magneti te (QFM) buff er (see 

chapter 3). Similarly, the appearance of significant 

amounts of reduced carbon species (up to 0.20 wt.% ca4+co) 
in the micas analyzed in this study indicates that these 

minerals may have crystallized under conditions sufficiently 

more reducing than the QFM buffer. Furthermore, a similar 

oxidized to reduced carbon ratio for the MARIO suite micas 

and the primary-textured peridotite micas (KS, CK31, CK32) 

suggests that both types of mica formed under similar 

conditions of oxygen fugacity. Reactions involving graphite 

or oxidized carbon are unlikely to produce hydrocarbon 

species under the conditions of volatile analysis in the 

mass spectrometer (chapter 3) • 

d. Sources of Incompatible Species in Erupted Magmas 

Fluorine, chlorine, water, and potassium are among the 

incompatible components in most magmatic systems. They are 
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strongly partitioned into the liquid phase during partial 

melting of ultramafic assemblages and tend to remain in the 

fluid phase until the latter stages of fractional 

crystallization at low pressures. The relative 

concentrations of incompatible components of erupted magmas 

may be compared with those determined from volatile-bearing 

phases from the mantle and estimates of volatile source 

minerals may be made (e.g. Beswick, 1976; Smith, 1981; Smith 

et al., 1981; Aoki et al., 1981; Harris and Anderson, 1983). 

The K2o and F contents of kimberlitic phlogopite micas 

(this investigation) and upper-mantle derived amphiboles 

(chapter 3; Garcia et al., 1980) are plotted in Figure 10 

along with the corresponding fields defined by continental 

and island arc basaltic rocks {excluding kimberlites) and 

Mid-Atlantic Ridge basalts {Aoki et al., 1981). Phlogopite 

micas having similar compositions to those analyzed in this 

study could account for the potassium contents of all the 

magmas represented by the fields in Figure 10. Only those 

magmas plotted in the lower field (between a-a' and b-b'), 

however, contain the correct proportion of K2o to F if 

potassium and fluorine are assumed to behave similarly in 

magmatic systems and all of these elements are derived from 

phlogopite mica. Similarly, amphiboles having the 

compositions of those found in xenoliths in alkali basalts 

from the southwestern United States could provide the 

potassium contents of samples appearing between the 
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Figure 10. K2o-F variation diagram of continental and 
island arc basalts (largely bounded by a-a' and b-b'), and 
Mid-Atlantic Ridge basaltic rocks (bounded by b-b' and c-c') 
(after Aoiki et al., 1981). The mica field represents data 
from this investigation and the amphibole field includes 
data from chapter 3 and Garcia et al. (1980). 
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amphibole field and the coordinate origin. Beswick (1976) 

proposed that all potassium and rubidium in the mantle is 

stored in phlogopite. He showed that K/Rb ratios of erupted 

magmas can be related to melting processes involving various 

extents of phlogopite contribution and different degrees of 

depletion of the source material. Smith et al. (1979) 

presented K/Rb and K/Ba data for a large number of 

kimberlite micas and summarized the corresponding ratios for 

various rock types, concluding that in most cases the 

observed K/Rb and K/Ba ratios could be accounted for by the 

melting of phlogopite mica. However, if the melting of 

phlogopite mica is invoked to account for the K2o contents 

of Mid-Atlantic Ridge basal ts, an additional halogen rich 

(and potassium poor) phase must by present at the source to 

account for the relatively high F/K2o in these magmas. 

Assuming that mica or amphibol e is the sole source of 

potassium in the magmas plotted in Figure 10, an additional 

phase must be cal 1 ed upon to provide the phosphorous 

contents of these magmas. Apatite has been proposed as a 

potential mantle reservoir for phosphorous as well as at 

least part of the halogens observed in many magmas (Smith et 

al., 1981; Smith, 1981; Aoki et al., 1981). Unfortunately, 

the stability relations of apatite under the P-T conditions 

of the upper mantle have yet to be thoroughly investigated 

and the presence of this phase in the mantle as a major 

volatile reservoir remains speculative. No primary apatite 
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crystals have been found in textural equilibrium with 

silicate minerals in ultramafic xenoliths in kimberlites 

(Smith et al., 1981), although this may simply reflect an 

early and total consumption of this phase during partial 

melting at high pressures. Total fluorine contents of 

basalts with respect to their phosphorous contents are too 

high to be attributable solely to apatite, even if it were 

completely hydroxyl free (Smith et al., 1981; Aoki et al., 

1981). It therefore appears highly likey that, in most 

igneous systems, the incompatible components originate from 

multiple volatile-rich phases during partial melting of the 

upper mantle. Because of the limited stability of amphibole 

at high pressure, its contribution is restricted to melts 

generated at depths of less than ~100 km whereas phlogopite 

mica may be stable to depths as great as 200 km (Kushiro et 

al., 1967; Modreski and Boettcher, 1972) • 

SU MARY 

variations in both the volatile and major element 

contents of the MARIO suite micas and micas from peridotite 

xenoliths in kimberlites may indicate distinct 

crystallization environments of these minerals. The 

megacryst analyzed in the present study does not appear to 

be compositionally distinct from the MARIO suite samples. 
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Compositional fields previously proposed for micas 

exhibiting these various modes of occurrences are overly 

restrictive in light of the analyses reported here. While 

the MARIO suite and peridotite micas remain compositionally 

distinct on the basis of the present data, the compositional 

fields separating them will likely become increasingly less 

distinct as additional data become available. 

Neither volatile nor major element analyses of the 

MARIO suite micas analyzed in this investigation appear to 

support the general proposal (Dawson and Smith, 1977) that 

the MARIO suite nodules crystallized under relatively 

oxidizing conditions. In most of the MARIO suite micas the 

ratio of oxidized to reduced carbon species observed during 

volatile analysis is not significantly different from that 

of the primary-textured micas from peridotite nodules, 

indicating similar conditions of oxygen fugacity (<QFM) in 

their crystallization environments. Also, only one of the 

MARIO suite micas analyzed in this investigation (Kl7) 

requires that significant amounts of Fe3+ be present in the 

mica in order to fill tetrahedral sites in the crystal 

structure. Mica from Kl7 does, however, contain a lower 

reduced/oxidized carbon ratio and requires the presence of 

iron in tetrahedral sites. This sample may represent mica 

formed under relatively oxidizing conditions, whereas others 

of the MARIO suite are apparently no more oxidized than 

primary micas from the peridotite nodules. 
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Phlogopite micas having compositions similar to those 

analyzed in this study could account for the bulk of the 

potassium and fluorine in many continental and island arc 

basalts. The higher F/K2o of Mid-Atlantic Ridge basalts may 

indicate either a different mineral host for these elements 

(e.g. amphibole) or the melting of more than one 

incompatible-rich phase at their source • 
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CHAPTER V 

INTRODUCTION TO PART 2 

A knowledge of the structures of silicate melts is 

essential to the ablility of geologists to accurately model 

magmatic properties such as viscosity, liquid-liquid 

immisciblity, volatile solubility, and ionic diffusion. 

Unfortunately, the chemical complexity of natural magmas and 

the hostile conditions under which they are formed (>l000°c) 

makes the direct study of naturally occurring silicate melt 

structures in the field a formidable undertaking. 

Consequently, silicate-based g 1 asses of chemically simple 

compositions are often used to investigate the structural 

roles of individual components in disordered silicate 

networks. This information can then be extrapolated to the 

melts from which the glasses were quenched, and 

ultimately, to the more complex natural geological melt 

systems. 

In order to extrapolate the structural information 

obtained from glasses to the structures of their isochemical 

melts, the assumption must be made that major structural 

changes do not occur during the quenching process. There 

have been some questions raised regarding the validity of 

this assumption (e.g. see Boettcher et al., 1982). A 

88 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

number of studies have indicated, however, that the melts 

and their isochemical glasses for many silicate-based 

systems are structurally similar (e.g. Riebling, 1968; 

sweet and White, 1969; Sharma et al., 1978a; Taylor et al., 

1980; Seifert et al., 1981) • 

Raman spectroscopy has emerged in the last 20 years as 

one of the most powerful tools for analyzing the structures 

of silicate and aluminosilicate glasses due to its 

sensitivity to the largely covalent Si-0 and Al-0 bonds in 

the structures of these materials. Individual silicate 

species (i.e. Sio4 tetrahedra having different degrees of 

polymerization) yield bands at characteristic frequencies in 

the Raman spectra of silicate glasses and crystals, and are 

therefore readily identifiable. Recent advances in Raman 

spectrometers, solid state electronics, and the development 

of high-powered laser sources have led to improvement in 

Raman sensitivity, allowing analyses to be performed even on 

very minute samples (~10- 4 cm3; e.g. Rosasco and Simmons, 

1974; Sharma, 1979). Furthermore, computer-controlled 

automation of Raman spectrometers provides a great deal of 

flexibility in data collection and manipulation, allowing 

structural information to be extracted even from the spectra 

of weakly-scattering material. Detai 1 s of the Raman 

spectrometer system used in the present study are considered 

in the following chapter • 
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Silicate-based melts and glasses, both natural and 

synthetic, are generally assumed to consist of sio4 

tetrahedra connected by intertetrahedral oxygen linkages 

similar to those found in silicate-based minerals. Silicon 

and other cations isostructurally substituting for it in 

tetrahedral coordination are referred to as network forming 

cations. Other cations (M) causing depolymerization of the 

silicate network by the formation of largely ionic 0-M bonds 

are known as network modifiers. A more complete description 

of these terms is considered by Ohlmann and Yinnon (1983). 

Aluminum (Al 3+), because of its charge and size, has the 

capacity to act as both a network forming and network 

modifying cation in silicate melts (Hess, 1980). When 

aluminum acts as a network former, the Alo4 unit has excess 

negative charge and requires the presence of a charge 

balancing cation, generally an alkali or alkaline earth, in 

close proximity. It has also been suggested by various 

workers (e.g. Waff, 1975; Kushiro, 1976, 1978; Mysen, 1976; 

Mysen and Virgo, 1978; Boettcher, 1981; Boettcher et al., 

1984) that some or all of the Al3+ in aluminosilicate melts 

may change from 4-fold to 6-fold coordination under high 

pressures such as those found in the earth's mantle. 

Consequently, the structural role of aluminum in 

aluminosilicate melts and glasses of various compositions 

has been the subject of a number of studies and has inspired 

much of the work in this investigation. 
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Chapter 7 contains results from an investigation of the 

Raman spectra of a number of aluminosilicate glasses having 

compositions containing sufficient alkali or alkaline earth 

cations to charge balance Al3+ in tetrahedral coordination. 

The glass spectra are qualitatively compared with those of 

some of their isochemical crystalline polymorphs and the 

polymerization of the glass (melt) structures are discussed. 

On the basis of changes in the Raman spectra of the glasses 

with compositional differences, the structural origins of 

the features in these spectra are examined. The 

interpretation derived from features in the Raman spectra of 

the aluminosilicate glasses in the present study are 

contrasted with those proposed on the basis of previous 

studies. Changes in the spectra of glasses along a series 

of joins having tectosilicate endmember compositions are 

discussed in terms of the structural and chemical variations 

occurring in the glasses along these joins. 

The spectra of gallium for aluminum and/or germanium 

for silicon substituted framework sodium aluminosilicate 

glasses are presented and discussed in chapter a. Gallium

and/or germanium-substituted aluminosilicate compositions 

have been used for modeling the effects of pressure on 

aluminosilicate structures because of the larger size of 

these cations relative to aluminum and silicon. Changes of 

Ga or Ge from 4-fold coordination in the glass structure 

should be readily observable in their Raman spectra. If it 
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may be shown that Ga and Ge substitute isostructurally for 

Al and Si in the aluminosilicate glasses, then the behavior 

of spectral features with compositional changes should 

provide a confirmation of the interpretation of the 

tetrahedral framework aluminosilicate glass spectra • 

The structural role of alkali cations in silicate melts 

and glasses is likely limited to that of either network 

modifiers or charge balancing cations because of their 

relatively large size and low charge. The final chapter (9) 

investigates the structural and spectral effects of 

systematically adding alkali oxide components to the fully 

polymerized silica network. Raman spectra are sensitive to 

the distribution of nonbridging oxygen bonds in the silicate 

structure and are therefore useful in interpreting the 

distribution of the different alkali cations. The entire 

alkali cation series from Li to Cs is investigated, although 

only Na and K have widespread distributions in natural melt 

systems. Information gained by investigating the additional 

alkali species will aid in interpreting subtle differences 

in the behaviors of Na and K, and wi 11 al so be of interest 

to those in glass science, where natural abundances are 

irrelevant • 
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CHAPTER VI 

EXPERIMENTAL 

GLASS PREPARATION 

Most glasses used in this study were prepared using 

facilities at the Hawaii Institute of Geophysics (HIG). 

Glass samples were prepared by weighing out smal 1 batches 

(<lg total weight) of the appropriate oxide and alkali or 

alkaline earth carbonates to the nearest 0.1 mg. All 

starting materials were high purity (>99.9%) oxides and 

carbonates which had been carefully heated at the 

appropriate temperatures to drive off hydrated water, and 

stored in desiccators prior to use. After weighing, mixes 

were carefully ground under acetone or methanol (to avoid 

water uptake) in an agate mortar for not less that 10 

minutes, dried, and loaded into platinum crucibles • 

Carbonate-containing samples were allowed to stand at 700-

9000c for a period of several hours prior to fusion in order 

to ensure complete removal of co2 from carbonates. Glasses 

were made in a high temperature I-atmosphere Deltech furnace 

(model DT-31-VT-OS) capable of attaining temperatures in 

excess of l 70o 0 c. Temperatures were monitored using a Pt

Ptl0%Rh thermocouple positioned alongside the platinum 
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crucible and uncertainty in the preparation temperatures is 

estimated to be +s 0 c. Samples were generally kept at the 

elevated temperatu~es for 1-2 hours, although the actual 

time varied somewhat with the sample or system being 

investigated. Melts were quenched to glass either by 

removing the crucible from the furnace and allowing it to 

cool in the air, or by dipping the base of the crucible into 

a cool water bath. In either case, the cooling rate is 

estimated to be 100-l000°c/sec over the first few hundred 

deg re es and the sample cools through the g 1 ass transition 

temperature in 1-2 seconds. Some compositions having high 

melt viscosities were crushed and remelted after initial 

quenching to ensure homogeneity of the glasses. Generally 

1-2 hours heating time was sufficient to yield a 

spectroscopically homogeneous glass, and spectra obtained 

from glasses fused over these short time intervals (<2 

hours) were essentially identical to those of glasses heated 

for much longer periods (>10 hours). Preparation techniques 

for all samples are summarized in each of the following 

chapters. 

Samples of intermediate compositions along joins were 

prepared by mixing appropriate amounts of the powdered 

endmember glasses and fused as above. For example, a 

10NaAlo2•90Geo2 glass was prepared by mixing powdered Al-Ge

albite glass (NaA1Ge3o 8) with pure Geo2 (as Ge4o8) powder on 

a 1:1.S molar basis. Small samples of less than SO mg were 
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prepared in capsules made from 3 or 5 mm i.d. Pt tubing, but 

otherwise using the same techniques described above. Al 1 

samples were stored in desiccators prior to data acquisition 

to avoid water uptake by some of the more hygroscopic 

compositions. With few exceptions, Raman data were taken 

using fragments of unannealed glass as they came from the 

preparation crucibles or by using the cylindrical samples 

resulting from preparation in Pt capsules. Unless otherwise 

noted, samples were clear glass and appeared optically 

homogeneous • 

RAMAN SPECTROSCOPY 

The Raman spectra of samples used in this study were 

obtained using the Raman spectroscopic facility (Fig. 11) 

located in room 117A of the Hawaii Institute of Geophysics. 

Sample excitation was achieved using the blue line 

(488.0 nm) from a 5-watt argon ion laser (Spectra Physics 

model 165). A 500-600 mW laser output was typically used, 

corresponding to 300-400 mW at the sample. Both the Raman 

spectrometer and Ar+ 1 aser are mounted on a vibration 

isolation table (Newport Research Corporation). A 

premonochrometer {Anaspec 300S; Fig. 12), placed in the 

laser path before the sample, eliminated extraneous plasma 

lines in the spectra but caused the beam to diverge 
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slightly. The beam was focused at the sample using a lens 

placed in the beam path after the premonochrometer • 

Scattered radiation was collected at 90° to the incident 

beam, which generally passed cleanly through the clear 

glasses. A goniometer mounting arrangement was used to 

optimize the beam path through the glass samples and avoid 

reflected radiation off non-parallel surfaces, cracks, 

bubbles, or other irregularities. Samples having atypically 

high viscosities in the molten state (e.g. those with high 

silica contents) tended to produce glasses with large 

numbers of finely dispersed minute bubbles. The laser beam 

was unable to pass undef 1 ected through these samples, and 

spectral quality was reduced, especially with respect to 

polarization data. These samples also tended to produce low 

frequency parasitic scattering tails which obscure low 

frequency spectral features, in some cases to 200 cm-1 • 

Polarization data for the glass samples were obtained 

by inserting a polarized sheet and optical scrambler in the 

scattered beam before the entrance slit to the spectrometer • 

The electric vector of the exciting radiation had a vertical 

orientation. By rotating the polarizer sheet 90°, scattered 

radiation having electric vectors in the vertical CI;;> and 

horizontal (Ii) orientations could be analyzed separately. 

For the analysis of oriented single crystals it is important 

to know the relative orientations of the electric vectors of 

the incident and scattered radiation, with four possible 
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combinations: HH, HV, vv, and VH, where the first symbol 

represents the orientation of the electric vector in the 

incident beam and the second represents the orientation in 

the scattered beam. For glasses the HH and VV spectra are 

essentially identical, as are the HV and VH spectra. This 

results from the totally symmetric nature of the Raman 

scattering polarizabil ity tensor and the disordered nature 

of the glass at the molecular level. Consequently, the I;; 

and r 1 notations are used to distinguish between the two 

possible relevant combinations. Crystalline powder samples 

were analyzed without the polarizer sheet in place because 

the random orientation of crystals in these samples 

eliminates any polarization character of bands in Raman 

spectra obtained from them (see Griffith, 1974, 1975) • 

Spectral data were collected with a Spex 1403 double 

monochrometer (Fig. 11) using 1800 grooves/mm holographic 

gratings. Glass and polycrystalline powder samples were 

analyzed using spectrometer slit widths set at 5 cm-1 and 

2 cm-1 , respectively, for the 488.0 nm line. The detector 

system was mounted at the exit slit of the spectrometer and 

consisted of a photomultiplier tube (RCA tube type C3103402) 

mounted in a thermoelectric water-cooled housing (Products 

For Research, Inc. model TE-104RF). The photomultiplier 

tube was powered by high voltage ('Vl400 V), optimized to 

yield maxmimum signal/dark count • 
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Digital data acquisition was controlled using a Spex 

Datamate computer. This system allows repetitive-cumulative 

scanning of a spectrum, yielding increased signal/noise for 

weak scatterers (Fig. 13). Data were generally collected at 

2 cm-1 intervals from 50 to 1400 cm-1 for glasses and at 

1 cm-1 intervals for powdered crystal samples. Glass 

spectra were typically recorded using 2-6 scans with an 

integration time of 2 seconds per data point per scan • 

Having spectral data in a digitized format permits a great 

deal of flexibility in data manipulation, and allows 

normalization of spectra originally recorded on different 

intensity scales. In addition, data files can be subtracted 

from each other, allowing the generation of difference 

spectra. These are produced by normalizing two spectra with 

respect to common features, then subtracting the data point 

by point. Difference spectra are especially useful in 

observing subtle changes occurring in the spectra of 

glasses having small compositional differences. Use of the 

Datamate computer also allows storage and retrieval of data 

on floppy disks for future use. Hard copies of the spectra 

were recorded using either an x-y chart recorder or an x-y 

digital plotter interfaced with the computer • 

Calibration of the spectrometer was achieved by 

periodically removing the premonochrometer from the laser 

path and scattering the beam off the surf ace of a glass 

capillary. Spectra consisting of a series of sharp plasma 
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lines obtained in this manner were recorded at 0.5 cm-1 

intervals over the 50-1400 cm-1 range. By comparing the 

recorded frequencies of the plasma lines with those reported 

in the literature for argon ion lasers (Kagel, 1974), 

experimental data could be adjusted for spectrometer error • 

Occasionally samples produced broad fluorescence bands 

in their spectra, generally observed as a weak to moderate 

rise in baseline intensity above 900 cm-1. This was 

generally attributed to trace inpurities of transition metal 

ions in the sample and posed little problem unless the 

spectrum was to be normalized with another having a flat 

baseline • 
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CHAPTER VII 

FRAMEWORK ALUMINOSILICATE GLASSES 

INTRODUCTION 

Crystalline aluminosilicates containing sufficient 

alkali or alkaline earth cations to charge balance aluminum 

in 4-fold coordination with oxygen consist of 3-dimensional 

frameworks of corner-sharing T04 tetrahedra (T = Si, Al). 

These fully polymerized silicates and aluminosilicates are 

collectively grouped together under the title of 

tectosilicates. such frameworks generally consist of rings 

of T04 tetrahedra enclosing void spaces in which the non

tetrahedral cations reside. Mineral-forming alkali and 

alkaline earth aluminosilicate compositions such as albite 

(Ab1 NaAlsi3o8), orthoclase (Or1 KAlsi 3o8), and anorthite 

(An1 CaA1 2si2o8) crystallize as feldspars containing 

characteristic 4-membered rings of T04 tetrahedra {Deer et 

al., 1966). Although variations in the structures of these 

minerals may occur on heating (primarily as a result of 

changes in Si-Al ordering), their basic ring configurations 

remain unchanged to temperatures near their melting points. 

The orthocl ase composition melts incongruently to produce 

crystalline leucite, which contains roughly equivalent 
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numbers of 4- and 6-membered rings, plus liquid. Other 

compositions such as nepheline (Ne; NaA1Si0 4 ) may 

crystallize in one or more of the derivative structures of 

the low pressure silica polymorphs containing 6-membered 

rings of T04 tetrahedra (Buerger, 1954) • 

The structures of glasses having framework 

aluminosilicate-forming compositions are of interest to 

petrologists and geochemists studying the physical and 

chemical properties of aluminosilicate melt structures. 

While it is generally accepted that both si4+ and charge

balanced Al3+ cations maintain 4-fold coordination in 

glasses quenched from melts having framework structure

producing compositions at atmospheric pressure (Day and 

Rindone, 1962; Sharma et al., 1978b; Mysen et al., 1981; 

Seifert et al., 1982; Navrotsky et al., 1982), the 

intermediate range order (i.e. ring structures) of these 

glasses has not yet been fully established. Initial studies 

indicate that the Raman spectra of crystal 1 ine 

tectosilicates are sensitive to the T04 ring distribution 

present in their structures (Sharma et al., 1981). This 

idea has subsequently been applied to silicate and 

aluminosilicate glasses (Sharma et al., 1983). Qualitative 

and quantitative comparisons between the Raman spectra of 

tectosilicates having known crystal structures and the 

spectra of their isochemical glasses will aid in elucidating 
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the intermediate range structures present in the melts 

and glasses of those compositions • 

SAMPLES 

The compositions and preparation conditions of the 

glasses used in this investigation are presented in Table 6 • 

Polycrystal 1 ine samples used to obtain Raman spectra were 

either crystallized from their isochemical glasses or were 

naturally occurring minerals. Anorthite was crystallized 

from the glass at lOoo 0 c at 1 atmosphere over a 48 hour 

period (Sharma et al., 1983). Nephelite and carnegieite 

were crystallized at 1 atmosphere from Ne glass at ll00°c 

for 4 hours and at 1470°c for 5 days, respectively. The 

albite, sanidine, and leucite spectra were obtained using 

natural minerals from Amelia Courthouse, Virginia, from 

Civitacastellama, Italy, and from Swan City, Colorado. The 

jadeite sample was also a natural mineral specimen (USNM 

#94829) • 

105 



• 

Table 6 

• Compositions, Preparation Conditions, and Appearances 
of Aluminosilicate Glasses Used to Obtain Raman Spectra 

Fusion Time at 
Starting Temp. Fusion Quench 

Compos it ion Components ( oc) Temp . (Hr . ) Method* Appearance** 

• LiA1Si3o8 Oxides 1300 1. 5 A c 

NaA1Si308 (Ab) Oxides 1600 2 A B 

NaA1Si2o6 (Jd) Oxides 1585 2 A c 

NaA1Si04 (Ne) Oxides 1620 2 A c 

• KA1Si3o8 (Or) Oxides 1600 1. 0} t w B 
1625 2 . 0 

CaA12Si2o8 (An) Oxides 1625 3. 5 A c 

12 . 5NaAlo2 87. 5Si02 Ab+Si02 1650 1 . 0 }-:- A B 
1700 1. o+l. 0 

Ab+excess Na2o Ab+Na2co3 
1600 1.25 A B 

• Ab+excess Al2o3 Ab+Al2o3 1600 1. 0 A B 

AblO An90 Endmember glasses 1600 1. 5 A c 

Ab20 Anso Endmember glasses 1600 1. 5 A c 

Ab30 An70 Endmember glasses 1600 1. 5 A c 

Ab40 An60 Endmember glasses 1600 1. 5. A c • Ab50 An50 Endmember glasses 1600 1.5 A c 

Ab60 An40 Endmember glasses 1600 1. 5 A c 

Abso Anzo Endmember glasses 1600 1.5 A B 

Ab90 AnlO Endmember glasses 1600 1.5 A c 

• Ne20 Anso Endmember glasses 1600 1. 0 A c 

Ne40 An60 Endmember glasses 1500 1.0 A c 

Ne60 An40 Endmember glasses 1500 1. 0 A c 

Neso An20 Endmember glasses 1500 1. 0 A c 

0r20 Anso Endmember glasses 1600 1. 0 A c 

• Or40 An60 Endmember glasses 1550 1.0 A c 

Or60 An40 Endmember glasses 1500 1. 0 A c 

Orso Anzo Endmember glasses 1500 1. 0 A c 

*W • quenched by dipping preparation capsule in water; A • quenched by removal from 

• furnace and being allowed to cool in air • 
**C • clear and bubble free, B • contains minute bubbles but otherwise clear. 
+Indicates multiple heatings with sample powdered between each • 

• 
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RAMAN SPECTRA .Qf TECTOSILICATE CRXSTALS AliJ;2 THEIR 

ISOCHEMICAL GLASSES 

a. General Comparison 

The polarized Raman spectra (I;;) of glasses having 

anorthi te, al bite, orthocl ase, and nephel ine compositions 

are presented in Figures 14-17. Each glass spectrum is 

accompanied by the powder Raman spectrum of one or more 

related crystalline phases known to have fully polymerized 

tetrahedral framework structures. 

Initial comparisons reveal that the prominent features 

in the spectra of the crystalline tectosilicates and their 

isochemical glasses exhibit strong correlations in terms of 

the frequencies and relative intensities of the major bands • 

It is also clear that bands in the spectra of the glasses 

are much broader than those in the spectra of the crystals. 

The Raman bands of glasses are likely on the order of 1000 

times weaker than those of their corresponding crystals, 

al though a direct comparison of intensities between g 1 ass 

and crystal spectra is difficult (White, 1974) • 

The broadness of bands in the spectra of glasses 

compared to those in the spectra of their isochemical 

crystal phases results from the inherent disorder of glass 

networks compared to the highly ordered structures of 
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Figure 14. The Raman spectra of crystalline anorthite and 
glass CI;;> of anorthite composition • 
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Figure 15. The Raman spectra of crystalline albite and 
glass CI;;> of albite composition • 
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Figure 16. The Raman spectra of crystalline orthoclase and 
leucite, and glass (I;;> of orthoclase composition. Powder 
x-ray diffraction data indicate the crystalline orthoclase 
is best described as the sanidine polymorph of this 
composition • 
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Figure 17. The Raman spectra of crystalline carnegieite and 
nephelite, and glass (I;;> of nepheline composition • 
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crystalline materials. In the first-order Raman spectrum of 

a crystal, only the optical branches of the phonon spectrum 

have non-zero frequencies for the wave vector k = O, 

producing a series of discreet 1 ines. In a glass, the 

translational symmetry has been destroyed, the k = 0 

selection rule is not valid, and the vibrational spectral 

features become broadened (Etchepare, 1972). Structural 

disorder also likely contributes to the broadening of glass 

spectral bands because of the relatively broad range of 

structural parameters (e.g. T-0-T bond angles and T-0 bond 

lengths) associated with the disordered glassy state (White, 

1975). The most probable value of these parameters 

determines the mean frequencies, but statistical 

distributions of T-0-T bond angles and T-0 bond lengths tend 

to broaden the spectral bands. The mean values of these 

structural parameters of the glass networks can be estimated 

using x-ray or neutron diffraction techniques (Wright and 

Leadbetter, 1976; Taylor and Brown, 1979a,b) but estimates 

of the distribution requires statistical modeling (e.g • 

Soules, 1979). 

The strong general correlations between frequencies and 

relative intensities of features appearing in the spectra of 

crystalline framework silicates and their glasses indicates 

strong structural similarities exist between the crystal and 

glass phases in these systems, at least over the distances 

to which the Raman spectra are sensitive. Specifically, 
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maintenance of cation-oxygen coordination relationships and 

the fully polymerized framework structures characteristic of 

the crystalline phases are likely retained by the glasses. 

Nonbridging oxygen bonds, which may form if the tetrahedral 

framework structures were not maintained by the glasses, 

have been shown to produce strong, polarized bands at 

characteristic frequencies (800-1200 cm-1) in the Raman 

spectra of both crystals and glasses (Brawer and White, 

19751 chapt. 9). The presence of either 6-fold coordinated 

Al, or 4-fold coordinated Al acting as a network modifier is 

also known to have a dramatic effect on the Raman spectrum, 

particularly below 800 cm-1 where these species cause the 

dominant spectral band to shift strongly to higher frequency 

(Sharma et al., 1983). 

Crystalline jadeite (Jd1 NaA1Si2o6) is a high pressure 

pyroxene consisting of chains of Sio4 tetrahedra. The Al3+ 

ions in this structure are octahedrally coordinated and 

therefore do not play a role as network forming cations 

(Papike and Cameron, 1976). The Raman spectrum of 

crystalline jadeite (Fig. 18) is characterized by the 

presence of strong bands at 698 and 1037 cm-1. Bands of the 

framework aluminosilicates are at best weak in these regions 

of their spectra (e.g. see the spectra of Ab, Or, An, Ne 

glasses, Figs. 14-17). These bands are, however, 

characteristic of the spectra of other pyroxene-type 

minerals (see Etchepare, 19721 Sharma and Yoder, 1979). 

113 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

NaAISi 2 0 6 (Jd) 

,......_ 
CJ') -c 
::> 
>. 
~ 

~ 
~ -.0 
~ 

<( .__, 

>-
I-
Cf) 

z 
w 
I-
z 

100 500 1000 

RAMAN SHIFT (cm- 1) 

Figure 18. The Raman spectra of crystalline jadeite and 
glass CI;;> of jadeite composition. 
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Etchepare (1972) has shown that the spectra of the pyroxene 

diopside (Di; CaMgsi 2 o 6 ) and its isochemical glass are 

qualitatively similar with respect to band positions and 

intensities. From this he inferred that the structures of 

crystal and glass having Di composition are similar. A more 

recent investigation of the spectrum of Di glass (Sharma and 

Yoder, 1979) has revealed a band indicating the presence of 

sio44- units, suggesting that some degree of structural 

rearrangement must be taking place in the glass relative to 

the crystal. 

The spectrum of Jd glass (Fig. 18) bears a strong 

resemblance to the spectra of glasses having tetrahedral 

framework structures. The glass has consequently been 

interpreted as having a structure in which Al3+ acts as a 

network forming cation charge balanced in tetrahedral 

coordination by the presence of Na+ (Sharma et al., 1978b; 

Virgo et al., 1979; Seifert et al., 1982; McMillan et al., 

1982). It therefore appears that the ability of the 

aluminosilicate glasses to support a tetrahedral framework 

structure depends on the Al3+ forming oxygen tetrahedra and 

being charge compensated by the presence of Na+ or another 

charge balancing cation • 

Features in the Raman spectra of the framework 

aluminosilicate glasses investigated are critically compared 

with corresponding features in the spectrum of Sio2 glass in 

chapter 8. It will be shown that features in the spectra of 
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all the fully polymerized tetrahedral framework glasses 

originate from similar vibrational modes but may vary in 

intensity as a result of compositional differences. The 

dominant band in the spectra of all the tetrahedral 

framework glasses appears in the 450 to 520 cm-1 range and 

is attributed to delocalized vibrational modes involving the 

symmetric stretching of bridging oxygens relative to the 

tetrahedral cations in T-0-T linkages (vs(T-0-T); Galeener, 

1979; Sharma et al., 1983). Because of the close similarity 

between features in the spectra of crystalline 

tectosilicates and their isochemical glasses, the 

corresponding dominant low frequency bands in the crystal 

spectra are also attributed to vs(T-0-T) vibrational modes 

(Sharma et al., 1981, 1983). Other features appearing to be 

common in the Raman spectra of the tetrahedral framework 

crystals and glasses also likely originate from 

corresponding types of modes in the two materials • 

b. Tectosilicate Crystal Spectra 

The vibrational spectrum of a crystalline material is 

determined by the characteristic vibrations of the crystal's 

unit cell and should therefore account for all degrees of 

freedom of the entire cell. The number of vibrational modes 

expected to be Raman and inf rared active may be determined 
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using factor group analysis if the unit cell parameters are 

precisely known from x-ray crystallographic studies (White 

and DeAngelis, 19671 Adams, 1973). Careful examinations of 

the Raman spectra of single crystal olivines and pyroxenes 

have shown, however, that accidental degeneracies may 

account for the appearance of fewer bands than expected on 

the basis of factor group analysis (White, 1975). A summary 

of the frequencies and intensities of bands in the Raman 

spectra of the polycrystalline samples investigated is 

presented in Table 7. 

Crystalline An, Ab, and Or have feldspar structures 

consisting of 4-membered rings of T0 4 tetrahedra 

interconnected to form characteristic crankshaft-like 

arrangements (Deer et al., 19661 Smith, 1974). The alkali 

or alkaline earth cations occupy cavities in the framework 

and provide charge-balance for the Al3+ in tetrahedral 

coordination. Crystalline anorthite, containing half Al3+ 

and half si4+ in its tetrahedral sites, exhibits a high 

degree of Si-Al order. Alo4 tetrahedra alternate with sio4 

tetrahedra, obeying the aluminum avoidance rule proposed by 

Lowenstein (1954) (Kempster et al., 19621 Megaw et al., 

19621 Smith, 1974). Albite and orthoclase both contain Si 

and Al in a 3:1 ratio and the tetrahedral cation 

distribution is not so constrained by the aluminum avoidance 

rul~ as in the anorthite structure. Albite and orthoclase 

structures do, however, exhibit cation bias because of 
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Table 7 

Frequencies* and Relative Intensities** of Bands 
in the Raman Spectra of Some Powdered Crystalline Aluminosilicates 

Low albite, 68 w, 72 w, 88 w, 114 w, 146 w, 152 m, 164 m, 172 w, 
184 w, 188 m, 210 m, 252 m, 270 m, 292 s, 330 m, 402 w(sh), 408 m, 
418 m, 458 m(sh), 480 s, 508 vs, 582 vw, 628 vw, 645 vw, 764 w, 
814 w, 916 vw, 979 w, 1010 w, 1014 w, 1034 w, 1044 vw, 1064 vw, 
1076 vw, 1099 m,1113 w(h), 1152 vw. 

Anorthite, 62 w, 83 w, 109 w, 118 vw, 144 w, 183 m, 191 w(sh), 
251 w, 272 w, 282 w, 322 w, 367 vw, 401 w, 427 w, 461 w(sh), 486 s, 
503 vs, 523 w(sh), 556 w, 594 vw, 622 vw, 680 w, 741 w, 764 w, 
895 vw(sh), 911 w, 941 vw(sh), 955 w, 977 w, 1008 vw, ~1052 vw, 
1076 vw, 1133 vw. 

Sanidine, 68 w, 80 vw, 110 w, 124 w, 142 w(sh), 156 m, 178 w(sh), 
198 w(sh), 198 w(sh), 228 vw, 270 w(sh), 282 m, 330 vw, 336 vw, 
372 vw, 406 vw, 454 w(sh), 476 m, 514 vs, 584 vw, 632 vw, 658 vw, 
754 w, 812 w, 1008 w(sh), 1122 m. 

Leucite, 76 w, 112 w, 152 m, 180 w, 216 w, 266 vw, 272 vw, 304 w, 
338 w, 394 vw, 432 vw, 498 vs, 528 m(sh), 618 vw, 678 vw, 786 vw, 
984 w(bd)(sh), 1066 w(bd) . 

Nephelite, 123 w, 138 vw, 151 w, 214 m(bd), 264 w, 331 w(sh), 399 w, 
427 vs, 469 m, 497 w, 616 vw, 690 vw(bd), 973 w(sh), 984 m(bd), 
1081 w(bd). 

Carnegieite, 114 w, 154 w(bd), 217 w(bd), 262 vw, 313 w(sh), 
340 w(sh), 347 vw(sh), 381 vw, 404 w(sh), 433 w, 444 w(sh), 
487 w(sh), 637 vw, 685 w(bd), 721 vw, 803 vw(bd), 949 w(sh), 
964 w(sh), 982 m(bd), 1076 w(bd). 

Jadeite, 143 vw, 161 vw, 192 w, 202 s, 222 m, 254 m, 291 m, 309 m, 
327 m, 373 s, 383 m(sh), 417 w(sh), 431 m, 522 m, 573 w, 587 w, 
698 vs, 777 w, 885 vw, 984 m, 989 m, 1037 s, 1978 vw. 

-1 -1 
*Measurement accuracy is ±2 cm and ±4 cm for very weak or 

broad bands • 
**Abbreviations: s, strong; m, moderate; w, weak; v, very; 

(sh), shoulder; (bd), broad • 
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crystallographic site preferences and bonding energy 

considerations • Consequently, although the cation 

distributions in the high temperature forms of these 

minerals (high-albite, sanidine) are relatively random, 

their low temperature forms (low-albite, microcline) exhibit 

a high degree of tetrahedral cation order (Stewart and 

Ribbe, 1969). The crystalline leucite structure (which 

orthoclase melts incongruently to form), contains 

alternating 4- and 6-membered rings of T04 tetrahedra, with 

potassium ions occupying cavities along the lines joining 

the centers of the 6-membered rings {Zoltai, 19607 Papike 

and Cameron, 1976). 

Crystalline anorthite is triclinic and belongs to the 

space group Pl with z = 8. On beating, it transforms to a 

body centered structure ci with z = 8 (Smith, 1974). Factor 

group analysis of these structures predict 78 and 156 Raman

act iv e bands for the low and high temperature forms, 

respectively ( r = 78Ag(R) + 75Au(i.r.) and r = 156Ag(R) + 

153Au(i.r.)7 White, 1974). Considerably fewer than the 78 

predicted bands are observed in the spectrum of 

polycrystalline anorthite (Fig. 147 Table 7). Sharma et al. 

(1983) attributed the small number of bands in the spectrum 

of anorthite to accidental degeneracies and weak intensities 

of some of the bands. White (1974) has also pointed out 

that although additional bands are required in the spectrum 

for a large unit cell in high calcium plagioclase crystals, 

119 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

the frequencies of these bands fall into sets that nearly 

match the modes of a much smaller unit cell. It has been 

inferred (Sharma et al., 1983) that a smaller "pseudo cell" 

may actually determine the vibrational spectrum of 

crystalline anorthite • 

Low-albite is triclinic (Ci, Z = 4), as is the highly 

ordered form of potassium feldspar, microcline. Disordered 

potassium feldspar (sanidine or orthoclase) is monoclinic 

(C2/m, z = 4). Factor group analysis of the ordered alkali 

feldspar structures predicts 39 Raman active vibrational 

modes ( r = 39Ag(R) + 36 Au(i.r.); White, 1974). All, or 

nearly all of the bands predicted for the spectrum of low

albite are present (Fig. 15, Table 7). This likely reflects 

a combination of the relatively small unit cell and the 

highly ordered structure of the sample used in this 

analysis, resulting in high quality of the spectrum obtained 

from it. Factor group analysis of the more cation 

disordered sanidine structure also predicts 39 Raman active 

modes ( r = 20Ag(R) + 19Bg(R) + 17Au(i.r.) + 19Bu(i.r.); 

White, 1974). The crystalline sanidine spectrum (Fig. 16) 

is of somewhat poorer quality than that of low-albite, owing 

perhaps to the more disordered nature of this material 

(White, 1974, 1975), and fewer than 30 of the predicted 39 

bands may be distinguished in its spectrum (Table 7). 

Leucite has two structural modifications (both 

tetragonal), converting between the two at 62s 0 c. The low 
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temperature modification belongs to the space group I4 1/a 

with z = 4 (Wyart, 1940, 1941). Factor group analysis of 

this structure predicts 90 Raman active modes (r = 30Ag(R) + 

30Bg(R) + 30Eg(R) + 29Au(i.r.) + 30Au(i.a.) + 29Eu(i.r.)). 

Fewer than 20 bands are actually detected in the spectrum of 

this mineral (Fig. 161 Table 7). As in the case of 

anorthite, the unit cell in this structure is large and a 

smaller pseudo cell may determine its Raman spectrum. In 

addition, the broadness of the bands in the spectrum of 

leucite (Fig. 16) indicates that cation disorder in the 

natural sample used is likely significant, causing a loss of 

spectral resolution. weak bands, and especially those in 

the high frequency region may not be resolved • 

Four polymorphs of the nepheline composition are known 

(Smith and Tuttle, 1957). High-carnegieite is stable from 

the liquidus to ~12so 0 c where it transforms to high

nephelite. At ~9oo 0c high-nephelite inverts to low

nephelite which is hexagonal and stable to room temperature. 

The transformation from high-carnegieite is sluggish and by 

rapid cooling it may be obtained in the stability field of 

nephel i te. At ~69o 0 c high-carnegieite undergoes a 

displacive inversion to low-carnegieite which has low 

symmetry. The structures of nephelite and carnegieite may 

be described in terms of stuffed derivatives of the high 

temperature silica polymorphs tridymite and cristobalite 

which, unlike the a.- and 13-quartz structures, are 
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sufficiently open to accommodate interstitial sodium ions 

(Buerger, 1954) • Both structures are dominated by 6-

membered rings of T04 tetrahedra (Papike and Cameron, 1976). 

Alternating Si-Al ordering in the crystalline nepheline 

structure is mandated by the aluminum avoidance rule, and 

high degrees of Si-Al ordering have been observed in 

nephelines to temperatures in excess of 900°c (Foreman and 

Peacor, 1970). 

The structure of pure synthetic sodic nephelite has not 

been thoroughly investigated. Naturally occurring 

nepheline, however, is hexagonal and belongs to the P6 3 

space group, although some specimens may possess higher 

pseudosymmetry close to P6 3/m (Dollase, 1970; Foreman and 

Peacor, 1970). The structure of the sodium endmember is 

likely closely related to that of the natural mineral (Smith 

and Tuttle, 1957). Calculated on the basis of the space 

group P6 3 (for KNa 3Al 4si4o16 and Z = 2), 90 Raman active 

modes are predicted for the nephelite unit cell 

( r = 28A(R+i.r.) + 28B (i.a.) + 27E1 (R+i.r.) + 28E2 (R)) • 

Using the higher symmetry P6 3/m space group, 42 Raman active 

bands are predicted ( r = 14Ag(R) + 14B
9

(i.a.) + 13E1 g(R) + 

15 E 2 g ( R) + 13 Au ( i. r.) + 14 Bu ( i. a.) + 13E1 u ( i. r.) + 

13E2 u (i.a.)). Only 15 bands are observed in the Raman 

spectrum of nephelite {Fig. 17; Table 7). Assuming that the 

synthetic nephelite is isostructural with one of the natural 

forms, it is unlikely that this small number of observed 
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bands could be accounted for by accidental degeneracies or 

weak intensities. As in the case of some of the other 

materials discussed above, the vibrational spectrum of 

nephelite may be determined by a pseudo cell which is 

smaller than the unit cell of this structure. In addition 

to the small number of bands observed in the Raman spectrum, 

a general lack of agreement between bands in the Raman 

spectrum of nephelite presented here (Table 7) and the 

infrared spectrum of a naturally occurring nepheline 

{Moenke, 1974) indicates that the synthetic sample likely 

belongs to the P6 3/m space group • 

Jadeite is only formed at high pressures {>10 Kbar) and 

has a pyroxene structure in which the Al 3+ is in octahedral 

coordination and not part of a tetrahedral framework 

structure {Prewitt and Burnham, 1966). Jadeite is 

monoclinic and belongs to the space group C2/c with z = 4 

{Cameron et al., 1973). The factor group analysis for this 

structure {Etchepare, 1972) predicts 30 Raman active modes 

( r = 14Ag(R) + 16B9 (R) + 13Au(i.r.) + 14Bu{i.r.)). 23 Raman 

bands are observed in the spectrum of jadeite {Table 7). 

Etchepare (1972) also detected 23 bands in the Raman 

spectrum of polycrystalline diopside, which is isostructural 

with jadeite, and attributed the low number of observed 

bands to accidental degeneracies • 
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c. Relationship Between Ring Structure and vs(T-0-T) in the 

Raman Spectra of the Crystalline Tectosilicates 

Sharma et al. (1981) have shown that a correlation 

exists between the frequency of the vs(T-0-T) band in the 

spectra of crystalline tectosilicates and the smallest rings 

of tetrahedra in the crystal structures. Specifically, 

structures containing smaller rings produce vs(T-0-T) bands 

at significantly higher frequency than those structures 

dominated by larger rings. An expanded version of the table 

(originally from Sharma et al., 1981) relating vs(T-0-T) 

frequencies to ring structures, is presented as Table 8 and 

includes the data from this investigation. The newly 

included results are consistent with the interpretation that 

ring size influences the frequency of the vs(T-0-T) mode in 

tectosilicate crystals. The structures of the feldspars 

anorthite, albite, and orthoclase (sanidine) consist of 

interlinked 4-membered rings of To4 tetrahedra, as is the 

structure of coesite, the high pressure polymorph of silica 

(Zoltai, 1960). The relatively close grouping of the 

vs(T-0-T) bands in the spectra of these materials near 

500 cm-1 indicates that this frequency is characteristic of 

materials whose structures consist of 4-membered rings of 

T04 tetrahedra. This grouping also indicates that vs(T-0-T) 

is apparently unaffected by Si/Al or by the type of charge 

balancing cation associated with Al3+. 

124 



• • 

,_. 
"' U1 

• • • • • • 

Table 8 

Relationship Betwe en vs(T-0-T) and Smallest Ring Structures 
in Some Tecto s ilicat e s and Their Isochemi cal Glasses 

Crystal Glass 
Vs(T-0-T) Small e st TOY Density Vs(T-0-T) Density 

Mineral (cm-1) Ring Size(k (gm/cm 3) (cm-1) g/cm3 

Ct-Quartz 464 l 6 ':" ,., I S-Quartz (700°C) 464 

L) 
(a) 6 

a-Cristobal ite 416 6 2.33 (m) 437 (c,g) 2.21 (u) 
Tridymite 407 6 2.26 (m) 
Coesite 521 (c) 4 3 . 01 (n) 

y-Spodum.:>ne 480 l 6 2.399 (p)t 
(LiAlSi206-III) 

a-spodumene 492 l (d) 
5 2 . 374 ( r) \ 

476 (d) 2 . 34 (d) 

(LiA1Si206-II) 

Low albite 506 4 2. 63 (m) 480 (g) 2.38 ( s) 
(NaA1Si308) (e,f,g) 

Sanidine 513 4 2 . 563 (m) 491 (g) 2 . 37 ( s) 

(KA1Si308 ) 
Anorthite 503 (e,g, h) 4 2.76(m) 508 (g' h) 2.69 ( s) 

( CaA12S i208) 

Leucite 498 (g) 4 + 6 2 . 47-2.50 (m) 
(KA1Si206) 

(g) 6 "-2. 35 ( s) (at 740°c) I Carnegiete 381 
(NaAlS i04) 485 (g) 2.50 (t) 

Na-Nephel ite 427 (g) 6 2. 598 (s) 
(NaAlSi04) 

Jadeite 3. 34 (t) 484 (g) 2 . 43 (t) 
(NaAlS i206) 

(a) Bates and Quist (1972) (k) Zoltai (1960) 
(b) Etchepare et al. (1978) (m) Deer et al. ( 1966) 
(c) Sharma et al. (1981) (n) Zoltai and Buerger (1959) 
(d) Sharma and Simons (1981) ( p) Li and Peacor (1968) 
(e) White (1975) (r) Li (1968) 
( f) Von Stengel (1977) ( s) Taylor and Brown (1979a) 
(g) This study (t) Taylor and Brown (197 9b) 
(h) Sharma et al. (1983) (u) Seifert et al. (1983) 

• • • 

Prominent 
Ring Structure 

6(c) 

6(d) 

6(g, s) 

6(g, s) 

4 ( g, h) 

6(g) 

6(g) 
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The ambient pressure polymorphs of silica (low- and 

high-quartz, cristobalite, and tridymite) all consist of 

frameworks containing interconnected 6-membered rings of 

sio4 tetrahedra (Zoltai, 1960). The vs(T-0-T) bands in the 

spectra of these phases and those having stuffed silica 

derivative structures (carnegieite, nephelite, LiA1Si 2o6-

III) all appear at or below 480 cm-1, but also span a 

considerable frequency range (379-480 cm-1). Examination of 

physical properties of crystalline tectosilicates having 

similar ring distributions indicates that another factor 

affecting the frequency of the vs(T-0-T) band may be the 

bulk density of the crystal (Table 8). The vs(T-0-T) band 

in the spectrum of a-quartz has been found to be sensitive 

to compression of the crystal, and its frequency increases 

with pressure (Asell and Nichol, 1968). The data in Table 8 

indicate that tectosilicates having similar ring sizes but 

lower bulk densities produce vs(T-0-T) bands at lower 

frequencies. An additional factor not specifically 

considered, but likely intimately related to both the To4 

ring size distributions and crystalline bulk densities, is 

the mean value of T-0-T bond angles within the crystal 

structure. Consideration of bond angles in simple triatomic 

molecules (Colthrup et al., 1964) and in complex tetrahedral 

framework glasses {e.g. Sen and Thorpe, 1977) indicates that 

the frequencies of the symmetric and antisymmetric 

stretching modes of an A-X-A linkage are strongly influenced 
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by the bond angle. smaller values of the intertetrahedral 

linkage angles result in higher frequencies of the vs(T-0-T) 

mode. 

In the spectrum of crystalline leucite, (Fig. 16) the 

vs(T-0-T) band appears at 498 cm-1, which is significantly 

lower than the corresponding band in the spectrum of 

sanidine (513 cm-1). Al though 1 euci te contains 4-membered 

T04 ring structures, these alternate with 6-membered rings 

in the crystal lattice and the vs(T-0-T) band position in 

the spectrum of leucite does not appear to be dominated by 

either structure • The intermediate frequency of vs (T-0-T) 

between the high frequencies (>500 cm-1 ) characteristic of 

4-membered ring structures and the lower frequencies 

(<465 cm-1) characteristic of the 6-mernbered ring structures 

1 ikely results from coupling of the vs (T-0-T) vibrational 

modes of the alternating 4- and 6-membered T04 rings in 

crystalline leucite. The 4-membered rings in the feldspar 

and coesite structures are interconnected with adjacent 4-

membered rings, and a similar situation exists in, for 

example, the silica polymorph structures containing 6-

membered rings. It therefore appears that if different 

sized ring structures are closely associated in the 

tetrahedral framework, the vs (T-0-T) band frequency is 

influenced by both structures due to vibrational coupling 

effects • 
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d. Ring Structures in Tetrahedral Framework Glasses 

The frequencies of vs(T-0-T) bands in the spectra of 

glasses having An, Ab, Or, Ne, and Jd compositions are 

presented in Table 8 for comparison with the frequencies of 

the corresponding bands in their crystalline phases. Data 

for the jadeite composition g 1 ass has been included, 

although no isochemical tectosilicate phase exists. 

Frequencies of the vs(T-0-T) bands in the spectra of 

anorthite crystal and glass agree closely (503 vs. 508 cm-1 , 

respectively; Table 8) • This indicates a close 

correspondence between the structures in the crystal and 

glass forms of this material. On the basis of vs(T-0-T) 

band positions alone, it may be inferred that 4-membered 

rings of T04 tetrahedra characteristic of the crystal 1 ine 

feldspar structure likely predominate in the isochemical An 

glass. This interpretation is consistent with a number of 

the physical, chemical, and optical properties of An glass. 

Its density and refractive index (D = 2.69 g/cm3 and 

n = 1.574) agree quite closely with the corresponding 

properties of crystalline anorthite (D = 2.76 g/cm3 and 

n a. = 1. 5 7 7 , n 8 = 1. 5 8 5 , n y = 1. 5 9 O ; Smith, 19 7 4 ; Deer et 

al., 1966). Rapid crystallization of anhydrous anorthite 

glass above 845°c (Kirkpatrick et al., 1976, 1979) also 

indicates a close correspondence between the short- and 

intermediate-range structures of anorthite crystal and 
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glass. X-ray radial distribution function (RDF) analyses of 

glass (Taylor and Brown, 1979a) and melt (Okuno and Marumo, 

1982) of An composition also have been interpreted as 

indicating the presence of 4-membered ring structures 

similar to those found in crystalline anorthite. Navrotsky 

et al. (1980) found that heats of mixing of glasses along 

the Sio 2 -An join (LSOO cal/mol) likely reflected 

rearrangements of the aluminosilicate framework and 

interpreted their results in terms of differences in ring 

structures of the two endmember glasses. The structural 

relationship between crystalline anorthite and its glass has 

been discussed in greater detail by Sharma et al. (1983). 

Frequencies of the vs(T-0-T) bands in the spectra of 

Ab, Or, Ne, and Jd glasses (Table 8) fall well below 

500 crn-1, indicating that 4-membered T04 rings are not 

likely the dominant ring species in these structures. 

Rather, the vs(T-0-T) band frequencies in the spectra of 

these glasses indicate either a predominance of 6-membered 

rings, as is likely the case in sio2 glass (Sharma et al., 

1981), or perhaps intimate mixtures of various sized rings 

in the glass structures. X-ray RDF analyses of Ab melt 

(Okuno and Marumo, 1982) and of Ab, Or, Ne, and Jd glasses 

(Taylor and Brown, 1979a,b) have been interpreted as 

indicating that these materials have stuffed trydimite-like 

structures in which 6-membered rings are the dominant 

species. 
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Although the frequency of vs(T-0-T) for Or glass 

(491 cm-1) is significantly lower than that of its 

crystalline analog, sanidine (513 cm-1), the frequency of 

this band is considerably closer to that observed in the 

spectrum of its liquidus phase, leucite (498 cm-1; Table 8) • 

Careful inspection of the low frequency features in the 

spectrum of Or glass indicates that the relatively sharp 

vs(T-0-T) band appearing at ~491 cm-1 is likely superimposed 

over a much broader band. These f ea tu res may indicate the 

presence of structural domains in the Or glass which are 

sufficiently 1 arge to produce vibrationally distinct 

vs (T-0-T) bands 
0 

( >20 A). The close correspondence in 

frequency between the vs(T-0-T) band in the spectrum of 

leucite and the sharp vs(T-0-T) feature in the Or glass 

spectrum suggests that domains of leucite-like structure may 

persist in the glass. The underlying broader feature, 

centered at slightly lower frequency in the spectrum, 

indicates the presence of a vibrationally distinct structure 

containing a higher proportion of larger-membered rings • 

The persistence of domains in the structure of the Or glass 

quenched from its melt is suggested because the vs(T-0-T) 

band is believed to result from delocalized vibrational 

modes occurring over a relatively large number of 

tetrahedral linkages (Bell et al., 1970). The appearance of 

distinct vs(T-0-T) bands indicates relatively large domains 

of more or less homogeneous structure must exist. The Raman 
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spectrum of a glass of Or composition which had been 

prepared from a gel (McMillan et al., 1982) exhibits only a 

single asymmetric vs(T-0-T) feature, perhaps attesting to a 

greater structural homogeneity of glasses prepared using the 

sol-gel technique as opposed to those quenched from melts • 

The presence of leucite-like structures in Or-rich 

melts having compositions along the Ab-Or join have also 

been proposed by Rammensee and Fraser (1982) to account for 

positive deviations in ~Hmix of the endmembers obtained from 

high temperature Knudsen eel 1 mass spectrometry. The 

glasses of Rammensee and Fraser (1982) were carefully 

examined in transmitted light, but reportedly showed no 

signs of leucite crystallization products and are considered 

to represent supercooled 1 iquids above Tg, the g 1 ass 

transition temperature. Taylor and Brown (1979a) noted that 

the x-ray RDF of Or glass compared well with that of leucite 
0 0 

to >4.5 A, although beyond 5 A the RDFs of the leucite 

strucure and Or glass appear uncorrelated. These 

observations support the proposal of Kushiro (1975) that in 

some cases the highest temperature crystal 1 ine phase of a 

particular composition influences the melt structure. 

The vs(T-0-T) bands at 427 and 379 cm-1 in the spectra 

of nephelite and carnegieite crystals, respectively, occur 

at much lower frequencies than the corresponding band 

( 4 85 cm - l 1 Tab 1 e 8) in the spectrum of Ne g 1 ass • 

Nevertheless, the frequency of vs(T-0-T) for Ne glass is 
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significantly lower than that of An glass (508 cm-1). It is 

considered highly unlikely that the structure of Ne g 1 ass 

consists predominantly of 4-membered rings. The 

discrepancies between the frequencies of the vs(T-0-T) bands 

in the spectra of crystalline nephelite and carnegieite, and 

the frequency of the corresponding band in the spectrum of 

Ne glass indicates, however, that significant structural 

differences exist between the crystalline and glass forms of 

this material. An intimate admixture of 4- and 6-membered 

T04 rings in Ne glass similar to that in the leucite 

structure could account for the frequency difference between 

the vs(T-0-T) bands in the spectra of the crystalline and 

glass forms of the Ne composition. Alternatively, if the 

structure of the glass does consist predominantly of 6-

membered rings, they must be considerably more puckered than 

those in either the nephelite or carnegieite structures so 

that the mean value of the intertetrahedral bond ang 1 e is 

smaller. Either of these effects could conceivably increase 

the vs(T-0-T) band to its observed frequency in the spectrum 

of Ne glass from those in the spectra of the isochemical 

crystalline phases. The mean T-0-T bond angle in Ne glass 

(143°), as calculated from mean T-0 and T-T bond distances, 

confirms that this value is indeed more comparable to that 

found in An glass (143°) than that of either the Or or Ab 

glasses (146°) (Taylor and Brown, 1979b). It is difficult 

to say, however, whether this results from puckering of the 
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T04 rings or from the effects of averaging in the bond 

angles from smaller-membered rings • 

The vs(T-0-T) band in the spectrum of Ab glass appears 

at considerably lower frequency (480 cm-1) than that in the 

spectrum of the low temperature crystalline analog 

(506 cm-1). This must reflect significant differences in 

the To4 ring distributions in the structures of these 

materials. Ab glass likely contains a sizable 6-membered 

T04 ring population, which could account for the extremely 

slow crysallization of Ab composition glass, even under 

hydrothermal conditions (Schairer and Bowen, 1956). The 

redistribution of ring structures from predominantly 6-

membered in the glass to 4-membered in the crystalline phase 

requires that a great deal of T-0 bond rearrangement must 

take place on crystal nucleation, presenting a sizable 

thermodynamic barrier to this process. A similar ring 

structure rearrangement must occur on the melting of 

crystalline albite, and the superheating of albite over long 

periods of time have been noted by a number of workers (e.g • 

Day and Al 1 en, 190 51 Dietz et al., 19701 Tay 1 or and Brown, 

1979a). 

A comparison of density differences between crystals 

and isochemical glasses of aluminosilicate compositions may 

help establish the structural relationship between the two 

phases. As may be noted in Table 8, the densities of the 

crystalline feldspars high-albite and sanidine are 
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significantly greater than those of their corresponding 

glasses (8.9 and 8.1% difference, respectively). Only a 

2.6% density difference exists between crystalline anorthite 

and its glass. These crystal/glass density relationships 

have been used (Taylor and Brown, 1979a) to support the 

assignment of a 4-membered To4 ring structure to An glass 

and 6-membered ring structures to Ab and Or glasses. Note 

should be taken, however, of the fact that in the silica 

system, the relative difference in density between the four

membered sio4 ring polymorph coesite (3.01 g/cm3) and the 

most dense 6-membered ring polymorph a-quartz (2.65 g/cm3) 

is nearly 12%. The density difference between coesi te and 

tridymite (2.26 g/cm3) approaches 25%. It is therefore 

probably more correct to say that the density and other 

physical and spectroscopic data indicate that the Or and Ab 

glass structures are less like those of their isochemical 

crystalline phases than is the An glass. This may involve 

higher proportions of greater than 4-membered rings in the 

structures of the Ab and Or glasses whereas the 

concentration of 4-membered rings in the An glass structure 

approaches that found in crystalline anorthite. 

The density of Ne glass is lower (rv3.80%) than that of 

crystalline nephelite (Table 8). However, the density of Ne 

glass is significantly higher than that of the high 

temperature modification of crystalline carnegieite (at 

750°c), its liquidus phase, and only slightly lower than the 
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2.51 g/cm3 reported by Bowen (1912} for the low temperature 

modification of carnegiei te at room temperature. This may 

indicate that high density structures (e.g. 4-membered 

rings} exist in the Ne glass which are not present in the 

crystalline carnegieite structure • 

The tendency of An glass (and melt} to retain the 4-

membered T04 ring configurations characteristic of its 

crystalline feldspar phase is likely related to the nature 

of its charge balancing cation (ca2+). The divalent 

character of the calcium cations requires that two Alo4-

units be present in close proximity to satisfy charge 

balance requirements. This, in addition to the small size 

of the ca2+ relative to the alkali cations and the tendency 

of the Sio4 and Alo4 tetrahedra to alternate in the 

structure due to the aluminum avoidance principle, can 

account for the stability of 4-membered rings in An glass. 

The larger size of Na+ and K+, the single charge on these 

cations, and/or the lower Si/Al in Ab, Or, and Ne glasses 

likely contribute to the greater stability of 6-membered To4 

rings in these materials • 
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.RI.Gll FREQUENCY FEATURES .Ili ~ FRAMEWORK 

ALUMINOSILICATE GLASS SPECTRA 

The high frequency features (850-1200 cm-1 ) in the 

Raman spectra of aluminosilicate glasses may result from the 

antisymmetric stretching modes of bridging oxygens relative 

to the tetrahedral cations (White, 19751 Sharma et al., 

1983). Strong bands attributed to the stretching modes of 

nonbridging oxygens (NBOs), produced by the breaking of T-0 

bonds when network modifying cations are introduced into the 

structure, also appear in this spectral region (Brawer and 

White, 19751 Sharma et al., 1978a1 Virgo et al., 19801 

chapt. 9). Lam et al. (1980) claim, on the basis of x-ray 

photoemission spectroscopy studies, to have shown that 

nonbridging oxygens are present in sodium aluminosilicate 

glasses in direct proportion with the Na content, and 

independent of Al/Na. This is, however, contradictory to 

the results obtained by numerous other workers using a 

variety of techniques (see Kreidl, 1983 for a review) • 

Intensities of high frequency features in the Raman spectra 

of the An, Ab, Or, Ne and Jd g 1 asses (Figs. 14-18) are 

significantly higher relative to intensities of the 

vs(T-0-T) bands than are the corresponding bands in the 

spectrum of Sio2 glass (see Fig. 28, chapt. 8). It is 

conceivable that the enhanced high frequency intensity in 
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the spectra of the framework aluminosilicate glasses can be 

taken to indicate the presence of NBOs in their structures • 

a. Albite Glasses With Excess Na2o and Al2o3 

To check for NBO stretching contributions to the high 

frequency envelopes in the spectra of the aluminosilicate 

g 1 asses studied, g 1 asses of near-Ab composition were 

prepared with excess Al 2o3 or Na2o (Figs. 19 and 20). The 

g 1 asses were prepared by mixing powdered glass of Ab 

composition with either Na2co3 or Al 2o3 and fusing at the 

appropriate temperatures (Table 6). Difference Raman 

spectra of these glasses were produced by normalizing their 

spectra with that of Ab glass, and subtracting the digitized 

data point-by-point • 

The Ab glass with ~3 mole% excess Na2o contains more 

sodium ions than are required to charge balance the Al3+ in 

tetrahedral coordination. The Raman spectrum of this glass 

clearly has enhanced intensity of the high frequency region 

relative to that of the pure Ab composition glass spectrum 

(Fig. 19). In the difference spectrum this extra high 

frequency intensity may be seen to be derived from the 

presence of a new band at ~1070 cm-1. It is highly unlikely 

that this new band, clearly resulting from the production of 

NBOs in the aluminosilicate network structure, is related to 
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Figure 19. The difference spectrum CI;;> of Ab glass and 
Ab glass containing ~3% excess Na2o • 
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Ab glass containing ~3% excess Al 2o3 • 
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either of the high frequency features characteristic of the 

Ab glass spectrum (appearing at ~994 and ~1096 cm-1). It 

may be inferred, therefore, that intensities of the high 

frequency features characteristic of the Ab glass spectrum 

do not result from NBO bonds produced by sodium cations • 

Rather, the Na+ cations in glass of Ab composition are 

closely associated with negatively charged Alo4 tetrahedra, 

and are not free to produce nonbridging oxygens • 

A small intensity increase in the high frequency region 

at ~1024 cm-1 may be seen to result in the spectrum of Ab 

glass as a result of adding ~3% excess Al 2o3 beyond that for 

which charge balancing Na+ ions are available (Fig. 20). 

The excess intensity is most clearly seen in the difference 

spectrum, from which features due to the Ab glass structure 

have been subtracted. The broad new band at ~1024 cm-1 most 

likely results from nonbridging oxygens formed as a result 

of the excess Al3+ cations acting as network modifiers. The 

large bandwidth and low frequency of the new band in the 

spectrum of the Ab glass containing excess Al 2o3 , as 

compared to the corresponding band in the spectrum of the Ab 

glass containing excess Na2o, may be accounted for by 

differences in the charge densities ( = formal 

charge/volume) of the two cations acting as network 

modifiers or by differences in the covalency of the 

mod if ier-NBO bond. NBO stretching bands in the spectra of 

high silica content glasses along the Li2crsio2 join appear 
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at lower frequency (~1080 cm-1) than corresponding bands in 

the spectra of glasses in the other alkali silicate systems 

(~1100 cm-1) (Brawer and White, 1975; chapt. 9). The 

corresponding NBO bands in the spectra of glasses along the 

cao-sio2 join appear at significantly lower frequencies 

(~1060 cm-1 ; Mysen et al., 1980). NBO stretching bands in 

the spectra of glasses in which aluminum cations act as 

network modifiers might be expected to appear at still lower 

frequencies due to the higher charge density of Al 3 + and 

high covalency of Al-0 bonds relative to those formed by 

alkali or alkaline earth cations. Widths of NBO bands in 

the spectra of binary M2o-sio2 glasses are also known to 

increase with decreasing size (or with increasing charge 

densities) of the alkali cation (Brawer and White, 1975; 

ch apt. 9). The 1 ow intensity and broadness of the new high 

frequency band produced in the spectrum of Ab glass with 

excess Al 2o3 are therefore consistent with an interpretation 

based on the production of NBO species due to the presence 

of excess Al 2o3 in the glass network • 

McMillan and Piriou (1982) have investigated the Raman 

spectra of high silica glasses along the Al 2o3-sio2 join and 

noted that glasses containing up to 30 mole% Al 2o3 have 

spectra with features similar to those in the spectrum of 

pure Sio2 glass. This prompted those authors to suggest 

that small amounts of Al3+ may substitute for si4+ in the 

Sio2 glass framework, with associated oxygen holes as 
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required for charge balance. A similar mechanism of Al 3+ 

incorporation into the Ab glass network might be invoked to 

account for the relatively small changes in the Ab spectrum 

with excess Al 2o3• 

As may be seen in the insets in Figures 19 and 20, the 

doped Ab glasses have roughly equal amounts of excess Na2o 
and Al 2 o3 • If the excess A1 3+ acts as a network modifier, 

it should produce 3 times the number of NBOs produced by an 

equivalent number of excess Na+ ions. The fact that NBO 

intensities in the spectra of the Ab glasses containing 

excess Al 2 o3 and Na2o are roughly equivalent may indicate 

that some of the Al3+ ions act as network forming cations 

and are being charge balanced by other Al3+ cations. 

Alternatively, Sharma et al. (1983} have noted that Al-0 

bonds in which the Al acts as a network modifier retain a 

significant degree of covalent character and that intensity 

of the Si-O-(Al 3+) NBO stretching band is therefore expected 

to be lower than the corresponding Si-0-(Na+) NBO stretching 

band. In any case, it does appear likely that at least some 

of the excess Al 3 + acts to produce NBOs in the glass 

structure. There is no evidence in the spectrum of the 

Ab+Al glass to support the model proposed by Lacey (1963) 

involving the formation of triclusters (the meeting of 3 

Al04 groups at one oxygen) and Al06 octahedra in alkali 

aluminosilicate glasses having high Al/alkali contents • 
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Viscosi ties of sodium al uminosil icate melts have 

maximum values at compositions containing equal Na2o and 

Al 2o3 contents (Reibling, 1965). On either side of the 

Na/Al = 1 composition the viscosity drops, although less 

rapidly for melts containing excess Al 2o3 than for those 

with excess Na2o. These data are consistent with the 

interpretation that charge balanced Al3+ act as network 

forming cations and that NBOs are produced in glasses or 

melts in which Na/Al f l. 

The appearance of NBO stretching bands at ~1070 and 

~1024 cm-1 in the spectra of Ab glasses doped with excess 

Na2o and Al 2o3, respectively, strongly indicates that bands 

in the high frequency region of the Ab glass Raman spectrum 

do not arise from the presence of NB Os. Rather, it appears 

likely that Al3+ substitutes isostructurally for si4+ and is 

charge balanced in tetrahedral coordination by the presence 

of Na+. The high frequency bands in the spectra of glasses 

along the NaAlo2-sio2 join (e.g. Ab, Jd, Ne), and other 

aluminosilicate glasses containing sufficient alkali or 

alkaline earth cations to charge balance the Al3+ in 

tetrahedral coordination, must then be interpreted in terms 

of the characteristic antisymmetric stretching vibrational 

modes of fully polymerized tetrahedral framework structures • 
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b. Interpretation of High Frequency Features 

A number of attempts have recently been made to 

interpret the structural significance of high frequency 

features in the spectra of framework aluminosilicate 

glasses. Some of these interpretations have been based on 

the qualitative shapes of the high frequency features in the 

spectra of these materials (e.g. Virgo et al., 1979; Sharma 

et al., 1983). Others (e.g. Seifert et al., 19821 McMillan 

et al., 1982), have applied sophisticated computerized 

Gaussian curvefitting routines in order to deconvolute a 

series of distinct bands from the broad envelopes 

characteristic of the high frequency framework 

aluminosilicate glass spectra. In the following section a 

brief discussion and critique of previous attempts at 

fitting Gaussian-shaped bands to the high frequency Raman 

spectra of framework aluminosilicate glasses is presented. 

An alternative fitting scheme is proposed on the basis of 

correlations between features in the I;; and I 1 polarization 

data. 

In order to be able to use Gaussian curvefitting data 

to derive structural models for glasses, it must be assumed 

that bandshapes in the spectra may be described in terms of 

Gaussian-shaped functions. This assumption is likely valid 

providing that a) "the distribution function that describes 

a glass ••• (is) the distribution of bond angles rather than 
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the distribution of the scattered light from a local 

molecular configuration" and b) that " ••• in fact, one is 

observing a Boltzmann distribution of the light-scattering 

elements in the silicate melts and glasses" (Mysen et al., 

1982b). Both McMillan et al. (1982) and Mysen et al • 

(1982b) point out that Gaussian fits of a particular 

spectrum are not unique and that the choice of which fit to 

use may be determined by the structural model being 

proposed. 

High frequency features in the Raman spectra of the 

sodium aluminosilicate glasses have been interpreted in 

terms of two variable-frequency bands by the group at the 

Carnegie Insitute of Washington Geophysical Lab (Virgo et 

al., 1979; Mysen et al., 1980). That interpretation was 

subsequently abandoned by that group in favor of a more 

complex model based on residual-minimized Gaussian 

curvefitting of the experimental data (Seifert et al., 1982; 

Mysen et al., 1982b). The deconvoluted spectra presented by 

these authors is used to support the proposition that two 

distinct ring structures exist in silicate and 

aluminosilicate glasses. However, as noted below, this 

interpretation assumes that no vibrational interactions 

exist between the ring structures and apparently ignores the 

polarization data which indicates the presence of only two 

dominant high frequency bands in the spectra of the 

framework aluminosilicate glasses. 
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McMillan et al. (1982) fit fixed-frequency Gaussian 

bands to the high frequency spectra of glasses along the 

CaA1 2o4-sio2 and NaA1Sio4-sio2 joins and showed that changes 

in the spectra of the glasses along the joins could be 

explained by varying the intensities of these bands with 

glass composition. Specific bands in the high frequency 

spectra were interpreted as being analogous to the bands 

observed in the Sio2-caMgSio4 glass series (Mysen et al., 

1980; McMillan et al., 1981) which may be related to the 

Si-NBO stretch vibrations of silicon tetrahedra having 

different numbers of Si-NBO bonds (Mysen et al., 1980) • 

This model implicitly assumes that the high frequency 

features in the framework aluminosilicate glass spectra 

arise from vibrational modes localized to individual Sio4 

tetrahedra and that the aluminum ions in adjacent tetrahedra 

act only to perturb these vibrational modes • 

There are two major objections to the McMillan et al. 

(1982) deconvolution scheme for the high frequency spectra 

of framework aluminosilicate glasses. First, fixed

frequency vibrational modes require intense vibrational 

localization on Si-0 bonds independent of the overall mean 

T-0 bond strengths in the glass framework • This is 

inconsistent with the spectral results obtained for 

framework aluminogermanate glasses where high frequency 

spectral features clearly exhibit continuous frequency 

shifts with compositional changes (chapt. 8). Secondly, the 
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dominant high frequency band fit to both the Ne and An glass 

spectra appears at 1000 cm-1 which, according to the 

assignment of McMillan et al. (1982), results from the 

stretching of Si-o bonds in Sio4 tetrahedra bonded to two 

adjacent Alo4 tetrahedra • At the Ne and An compositions the 

number of Alo4 and Sio4 tetrahedra are equal, and it is 

expected that, even considering significant amounts of 

cation disorder in the glasses, the dominant high frequency 

band should correspond to the stretching of sio4 tetrahedra 

surrounded by 4 Al04 units. 

McMillan et al. (1982) noted that the polarization 

characteristics of bands in the high frequency region of the 

framework aluminosilicate glass spectra are different, 

resulting in distinct high frequency contours in the I;; and 

I1 spectra of the glasses. It appears, however, that 

neither McMillan et al. (1982) nor Mysen et al. (1982a,b) 

have correlated their curvefitting schemes between the 

spectra of the two polarizations and have concentrated 

instead only on the I;; data. Unless one or more of the 

bands producing the high frequency features in the spectra 

of the framework aluminosilicate glasses is completely 

polarized, a correlation should exist between features in 

the spectra obtained using both polarizations. 

In the present investigation an attempt has been made 

to Gaussian curvefit the high frequency spectra (both I;; 

and I1) of the framework sodium aluminosilicate glasses in 
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terms of two bands, one of which is more strongly polarized 

than the other. The computer program used for Gaussian 

curvefitting follows the algorithm presented by Kaper et al. 

(1966) and is part of a larger interactive array processing 

system developed by Clark (1980). The component bands fit 

to the high frequency envelopes of the glass spectra are 

"best fits" given the data, number of bands, and initial 

estimates of band centers, intensities, and halfwidths • 

Tw~ Gaussian bands generally provide a reasonable, 

although not perfect, approximation of the observed high 

frequency features in both the I;; and r 1 spectra of the 

glasses along the NaAlo2-sio2 join (Fig. 21). While the 

fits of the I;; spectra are improved somewhat by the 

addition of a third component on the high frequency side of 

the envelope, attempts at fitting the I 1 data with 

corresponding bands are not successful. The spectrum of Ne 

glass, however, does require a third component at 1100 cm-1 

in order to adequately describe the features of both 

polarizations in terms of Gaussian-shaped bands (Fig. 2lc) • 

The dominant band in the Ne glass spectrum is observed at 

~1000 cm-1 and appears to correspond to the higher frequency 

component in the spectra of the glasses along the Sio2-Ne 

join having higher Sio2 contents (Fig. 2ld). A third 

component in the high frequency spectrum of Ne glass could 

be explained in terms of the presence of a vibrationally 

distinct structural feature in the glass of this composition 
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Figure 21. High frequency features in the polarized (Ii/ 
and IJ.) Raman spectra of a) Ab, b) Jd, and c) Ne glasses 
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only) are also included. 

149 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

•• 

(e.g. different ring structures; Mysen et al., 1982b). It 

is considered more likely, however, that bands in the Raman 

spectra of glasses are not strictly defined by Gaussian 

functions. It will also be shown in the following chapter 

that the high frequency features in the spectra of the 

corresponding sodium gallosilicate and sodium alumino- and 

gal logermanate glasses are best described in terms of two 

dominant bands which are not Gaussian in shape • 

Gaussian curvefitting of glass spectral data may be 

useful for distinguishing general trends in spectral 

features with compositional differences in the glasses. It 

is unlikely, however, that bands in the spectra of 

disordered condensed material such as glasses may be 

strictly defined by Gaussian functions. Bands in the 

vibrational spectra of glasses represent a vibrational 

density-of-states rather than phonons having a wave vector 

(k) equal to zero, as in the case of crystalline solids 

(Wong and Angell, 1976). The shapes of the vibrational bands 

in glass spectra depend on the dispersion of phonons as a 

function of k because the k = 0 selection rule breaks down 

in a disordered material. Glass band maxima may, however, 

occur at frequencies close to those of phonons at k = o • 
Even if an attempt is made to use molecular approximations 

to perform spectral analyses, band shapes in the spectra of 

glassy materials are expected to be complex because the 

T-0-T bond angles do not have fixed values as in the case of 
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discrete molecules. The T-0-T bond angles in glasses are 

distributed about some most likely value, and this 

distribution may not be symmetrical (e.g. Soules, 1979). As 

such, bands in the Raman spectra of glasses need not 

necessarily be describable in terms of symmetric Gaussian 

distributions. Bell et al. (1970) theoretically calculated 

the vibrational density-of-states of Sio2 and Geo2 glasses 

assuming interconnected random network structures of sio4 

and Geo4 tetrahedra (see Figs. 1 and 2 of Bell et al., 1970; 

Fig. 52, chapt. 9). It is clear that bandshapes in the 

calculated spectra of these single T-cation glasses are not 

governed by Gaussian distributions, and there is no reason 

to expect the bandshapes in the spectra of more complex 

framework aluminosilicate glasses to necessarily be 

symmetrical. Structural models for silicate glasses which 

rely on residual-minimized Gaussian data (e.g. Seifert et 

al., 1982; Mysen et al., 1982b) may therefore not be valid • 

If the high frequency features in the spectra of 

framework aluminosilicate glasses are to be explained in 

terms of two predominant Raman bands as proposed above, then 

it is necessary to assume that the antisymmetric stretching 

modes are centered on the Sio4 uni ts and perturbed to 

varying degrees by both the immediate and extended 

environments of those units. The most important factors, 

and those determining the general shape of the high 

frequency envelope, are the relative concentrations and 
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distributions of sio4 and Alo4 tetrahedra in the glass 

framework which affect the vibrational frequencies of 

individual tetrahedral units. In addition, a continuous 

shift in the frequency of the antisymmetric stretching 

envelope in the spectra of the framework aluminosilicate 

glasses with increasing Al/Si indicates that at least some 

delocalization of these modes must also exist over a larger 

number of structural units. The relative number of Sio4 and 

Alo4 units in the glass framework establishes the mean T-0 

bond strength in the structure and likely determines to what 

extent the antisymmetric stretching envelope is shifted 

toward lower frequency relative to the corresponding 

features in the Sio2 glass spectrum which are discussed in 

greater detail in the following chapter • 

It would be enlightening to be able to add small 

amounts of MAlo2 or MA1 2o4 (M = alkali or alkaline earth) 

component to Sio2 glass so that the effect of such additions 

could be observed in the Raman spectrum. Unfortunately, the 

high liquidus temperatures and viscosities of melts having 

compositions near pure sio2 make it difficult, using the 

melt quenching technique, to produce good quality silicate 

glasses having small concentrations of MAlo2 and MA1 2o4 

components which are suitable for obtaining polarized Raman 

spectra. High melt viscosities tend to produce glasses 

whose compositions are slighly inhomogeneous and which are 

full of minute trapped bubbles. Both factors reduce the 

152 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

quality of polarization data obtained from these glasses and 

it was precisely this problem which prompted the 

investigation of the spectra of the sodium aluminogermanate 

glasses which are discussed in chapter a. 
The unpolarized spectra of sio2 glass and a glass 

containing 12.5 mole% NaAlo 2 in Sio2 is presented in 

Figure 22. It is clear that a component at ~1150 crn-1 is 

increasing in intensity relative to the band at ~1oso cm-1 

with increasing NaAlo 2 component. This trend may be 

observed to continue in the spectra of glasses along the 

join NaAl02-sio2 containing larger NaAl02 components (Figs • 

15, 17, 18). This observation is consistent with the 

assignment of the higher frequency component to a 

vibrational mode involving a relatively high degree of Si-0 

bond stretching in Si-0(-Al) linkages. It has been noted 

(Brown et al., 1969) that in ordered alkali feldspars the 

Si-0 bonds in Si-0-Al linkages are significantly shorter 
0 

(~0.03 A) than the Si-0 bonds in Si-O-Si linkages due to 

differences in the bonding character of the two tetrahedral 

cations. It is not unexpected, therefore, that a 

vibrational mode having a relatively large contribution from 

Si-0(-Al) stretching motion should appear at higher 

frequency than the corresponding mode involving greater 

contributions from the stretching of Si-0(-Si) linkages. 

Furthermore, the higher frequency component of the 

antisymmetric stretching doublet is more sensitive to the 

153 



• • • 

>..,_ 
-Cf) 

z 
w 
J
z 

• • 

100 

• • • • 

1 2 . 5 Na A I 02 • 8 7 . 5 Si 0 2 

500 1000 

RAMAN SHIFT (cm- 1) 

Figure 22. The unpolarized Raman spectra of a 12.5NaAlo2•a7.5Sio2 
glass and sio2 glass. The arrow indicates the spectral region 
increasing in intensity most rapidly with addition of the NaAl02 
component. 

• • 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

glass composition than the lower frequency component such 

that the two components appear to converge in the spectra of 

aluminosilicate glasses in which Si/Al = 1. This might be 

expected due to the closer proximity of the perturbing Al 3+ 

cation to the origin of the vibrational mode producing this 

component. The two features can be detected in the spectra 

of glasses along the join sio2-NaAlo2 to the Ne composition 

and their frequencies have been plotted as functions of 

composition by Virgo et al. (1979) and Mysen et al. (1980). 

Those figures clearly show that the higher frequency 

component of the antisymmetric stretching mode in the sodium 

aluminosilicate glasses exhibits a greater sensitivity to 

composition than the lower frequency band. Glasses having 

Si/Al = 1 and consisting of perfectly ordered sio4 and Alo4 

tetrahedra should contain only a single band in the 

antisymmetric stretching region, arising from modes centered 

on the Sio4 tetrahedra linked to 4 Alo4 tetrahedra. This is 

consistent with the spectra of An and Ne glasses (Figs. 14 

and 17) whose high frequency regions appear to be dominated 

by single bands. weak shoulders on these bands may 

indicate, however, that ordering is not perfect in the 

glasses, and some Si-0-Si (and presumably some Al-0-Al) · 

linkages must remain. 

In one sense, the above interpretation of features in 

the high frequency spectra of the framework aluminosilicate 

glasses is somewhat similar to that forwarded by McMillan et 
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al. {1982), who proposed that the sio4 antisymmetric 

stretching modes are perturbed by the presence of adjacent 

Alo4 tetrahedra. It differs, however, in that McMillan et 

al. {1982) interpreted the aluminosilicate glass high 

frequency spectral data in terms of a series of fixed-

frequency bands whose frequencies are dependent on the 

number of Si-0-Al linkages per sio4 tetrahedron. According 

to this interpretation, the Si-0-Al linkage is essentially 

analogous to the Si-NBO bonds such as those found in the 

alkali silicate glass spectra {Brawer and White, 1975: 

Sharma et al., 1978a: chapt. 9) and whose stretching 

vibrational modes are highly localized to the Si-NBO unit. 

Si-0(-Al) linkages are not, however, nonbridging oxygens 

when the Al atom acts as a network forming cation, and the 

0-Al bond retains a relatively large {~40%) covalent bonding 

character {Brown et al., 1969). It appears more likely 

that, although the antisymmetric stretching mode of the 

aluminosilicate glasses is centered on the sio4 tetrathedra, 

it is coupled to the corresponding mode of adjacent Alo4 

units. The nature of the antisymmetric stretching mode is 

therefore influenced by the surrounding glass structure and 

its frequency is at least partly dependent on the mean T-0 

bond strength (or the gross Si/Al) of the glass framework. 

The antisymmetric stretching mode of interlinked Alo4 

tetrahedra in the structure of CaA1 2 o 4 glass appears as a 

depolarized doublet at ~780 and ~883 cm-1 (McMillan et al., 
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19821 Mysen et al., 1981). These bands are tentatively 

assigned to the transverse optic (TO) and longitudinal optic 

(LO) components of the antisymmetric stretching mode in this 

material, similar to those observed in the spectrum of Sio2 

glass as discussed in the following chapter. No bands may 

be observed in the spectra of the framework aluminosilicate 

glasses (having Si/Al > 1) which might be attributed solely 

to the antisymmetric stretching of Alo4 or Al-0-Al units • 

It therefore appears likely that, even though a small number 

of Al-0-Al linkages may exist in the aluminosilicate glasses 

investigated, they are not vibrationally isolated from the 

remainder of the network. This indicates that there exists 

a considerable degree of coupling between the antisymmetric 

stretching modes of the Alo4 and Sio4 tetrahedra in these 

glasses. This interpretation is consistent with the 

observation that the antisymmetric stretching features in 

the spectra of the aluminosilicate glasses shifts to lower 

frequency with increasing Al/Si, because larger numbers of 

Alo4 tetrahedra cause a decrease in the mean T-0 bond 

strength in the glass • 
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c. The Effect of Composition on the Antisymmetric Stretching 

Modes 

Intensity increases in the antisymmetric stretching 

region of the aluminosilicate glass spectra relative to the 

intensity observed in the corresponding region of the sio2 

glass spectrum must result from substitution of Al for Si in 

the tetrahedral sites. The observed Raman intensity of a 

particular vibrational mode is related to the polarizability 

tensor associated with that mode. In the case of the 

antisymmetric stretching mode involving Si-O-Si linkages, 

the polarizability tensor is small, due to the addition of 

nearly opposing vectors oriented along the pair of Si-0 

bonds in the intertetrahedral linkage. Consequently the 

antisymmetric stretching bands in the spectrum of Sio2 glass 

are quite weak. Replacement of one of the Si in the Si-0-Si 

linkage by another metal cation (M) having a different M-0 

bond character alters the resulting pol arizabil i ty tensor 

associated with the stretching mode, and affects the 

intensity of the resulting band. In the extreme case when 

the other cation in the Si-0-M bridge forms M-0 bonds of 

highly ionic character, as would be the case when M is an 

alkali or alkaline earth cation, the resulting 

polarizability tensor of the stretching mode results almost 

entirely from the Si-0 contribution. In that situation the 

oxygen involved is termed a "nonbridging oxygen" because it 
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is linked to the tetrahedral framework by a single Si-0 

bond. The stretching mode of NBOs is almost entirely si-0 

contrubution and appears to be highly localized, probably 

because the oxygen is disconnected from the framework on one 

side of the Si-0-M linkage (Brawer and White, 19751 

chapt. 9). It is shown in chapter 9 that intensity of the 

high frequency Si-NBO stretching band in the spectra of 

alkali silicate glasses increases with alkali species in the 

series Li<Na<K=Rb=Cs. This would be predicted in light of 

the above discussion on the basis of the increasing ionicity 

of M-0 bonds along this series (82, 83, 87, 87, and 89% 

ionic character, respectively, as compared with 48% ionic 

character of Si-0 bonds1 Smith, 1963). 

The antisymmetric stretching bands in the spectra of 

glasses along the sio2-Geo2 join are very weak (Sharma et 

al., 1984), consistent with the similar character of Si-0 

and Ge-o bonds (48 and 49% ionic character, respectively1 

Smith, 1963). Replacement of one Si atom in a Si-O-Si 

1 inkage by Al, however, is expected to have a significant 

impact on the polarizability tensor of the stretching mode 

due to the 60% ionic character of Al-0 bonds (Smith, 1963). 

The intensities of spectral bands resulting from stretching 

modes involving Si-0-Al linkages are therefore expected to 

be higher than those involving only Si-0-Si linkages. 

The type of charge balancing cation in the structure of 

the framework aluminosilicate glasses also influences the 
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appearance of the antisymmetric stretching envelopes in 

their spectra. The high frequency antisymmetric stretching 

bands in the spectra of the ca- and Mg-containing 

aluminosilicate glasses (McMillan et al., 19821 Seifert et 

al., 1982) are very broad. Consequently, the antisymmetric 

stretching features in the spectra of these glasses having 

Si/Al > 1 tend to be difficult to interpret. The 

corresponding bands in the spectra of the alkali 

al uminosil icate g 1 asses are, however, much more distinct. 

In Figure 23 the high frequency I;; spectra of glasses 

having LiAlsi3o8, NaAlsi3o8, and KAlsi3o8 compositions have 

been plotted together to compare the effect of different 

charge balancing cations on the Raman spectra. Clearly the 

antisymmetric stretching envelopes in the spectra of each of 

these glasses has a similar shape, as would be expected if 

the glasses have basically the same structures and the same 

degree of Si-Al ordering. It is equally apparent, however, 

that the high frequency envelope in the spectrum of the Li

containing glass is shifted to a distinctly lower frequency 

than that of the corresponding Na-containing glass. The 

same envelope in the spectrum of the K-containing glass is 

shifted to higher frequency. The fact that both components 

of the envelope shift with exchange of the charge balancing 

cation indicates that this effect is not limited to 

individual Si-0-Al or Si-O-Si 1 inkages, but rather it 

160 



• 

..... 
0\ ..... 

• 

>
t--en 
z 
w 
t
z 

• 

700 

• • • 

MAISi 30 8 GLASS 

800 900 1000 

I 
I 
I 
I 
I I 
I I I 
I I I 
I I I 
I I I 

• 

1100 1200 

RAMAN SHIFT (cm- 1) 

• • 

1300 1400 

Figure 23. The polarized (I;;) high frequency Raman spectra of 
glasses having LiAlsi3o8, NaXlsi3o8 (Ab), and KAlsi3o8 (Or) 
compositions. The spectra have been normalized witn respect to thier 
vs (T-0-T) bands. 

• • 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

influences the frequency of the entire envelope in a manner 

similar to that of their overall Si/Al as described above • 

Charge balancing cations in tetrahedral framework 

aluminosilicate structures reside in cavities in the network 

and are coordinated by the bridging oxygens of the 

intertetrahedral linkages. Interactions between the charge 

balancing cations and bridging oxygens are likely quite weak 

Iiishi (197lb) but must be dependent to some extent on the 

cation species. Differences between such interactions in 

the structures of the Na- and K-feldspar composition melts 

have been proposed to account for differences in the 

strengths of T-0-T linkages in these materials, producing 

distinct viscosities (Taylor and Brown, 1979a). Shifts of 

the antisymmetric stretching envelope related to differences 

in the type of charge balancing cation in the network likely 

result from differences in the charge densities of these 

cations, and the resulting effects on T-0-T bond angles and 

bond lengths. T-0-T linkages in which the bridging oxygen 

coordinates a nontetrahedral cation have been shown in 

crystalline aluminosilicates to have smaller bond angles and 

resulting longer T-0 bond lengths due to reduced d-p-pi 

bonding (Brown et al., 1969). The nontetrahedral cations 

having larger charge densities (e.g. Li+) would be expected 

to have the greatest effect on the T-0-T linkage, whereas 

those with lower charge density (e.g. K+) would affect the 
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linkages to a smaller degree. This interpretation is 

consistent with the effects observed in Figure 23 • 

d. Summary of Tetrahedral Framework Aluminosilicate Glass 

High Frequency Spectral Interpretation 

Due to the length of the above discussion of features 

in the high frequency Raman spectra of the framework 

aluminosilicate glasses, a summary of the major points are 

provided here. 

1) The high frequency features in the spectra of 

glasses having compositions along the NaAlo2-sio2 join 

result from the antisymmetric stretching modes of bridging 

oxygens relative to tetrahedral cations. 

2) The high frequency spectra of the glasses having 

compositions along the NaAl o2-sio2 join can be reasonably 

described in terms of two dominant bands, one more strongly 

polarized than the other. The higher frequency component is 

assigned to a vibrational mode involving a high degree of 

Si-0 stretching in Si-0(-Al) linkages whereas the lower 

frequency component is derived more from Si-0(-Si) 

stretching contributions. 

3) Stretching modes attributable strictly to Alo4 

units are not observed, probably due to a lack of 
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vibrational isolation of Alo4 units from the surrounding 

network. 

4) The intensities and frequencies of components in 

the high frequency envelopes in Raman spectra of the 

framework aluminosilicate glasses are influenced by the 

charge balancing cation present in the glass. Charge 

balancing cations having larger field strengths produce the 

greatest shifts in high frequency band positions, but yield 

antisymmetric stretching bands at lower frequency • 

~ RAMAN SPECTRA .Qf GLASSES ALONG ~ JOINS 

Ab-An, Or-M, Am2 Ne-M 

Mineral-forming tectosilicates (e.g. Ab, Or, Ne, An) 

are important components in rock forming systems • 

Consequently, the subliquidus phase relations along the 

intermediate joins 

extensively studied. 

of these compositions have been 

The structures of the melts having 

compositions along the joins are not as well understood. As 

shown above, the structure of the glass (quenched melt) 

having An composition is probably similar to that of its 

crystalline phase. The structures of glasses of other 

tectosilicate compositions (e.g. Ab, Or, Ne), however, 

appear to be distinctly different from their isochemical 
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crystalline phases in terms of the T04 ring structures 

comprising them • 

Variations in the structures of glasses along the 

intermediate joins between the endmember tectosilicate 

compositions can be examined using Raman spectroscopy. In 

particular, the frequency of the v 8 (T-O-T) band, which has 

been shown to be sensitive to the distribution of ring 

structures in the glass network, can be used to trace the 

changes in ring distribution occurring with changes in 

composition along the join. variations in the high 

frequency antisymmetric stretching region can also be 

observed to change as a function of Si/Al in the glasses. 

Systematic investigation of the spectra of glasses having 

compositions along the Ab-An, Or-An, and Ne-An joins have 

been undertaken to elucidate structural variations in these 

glasses occurring as a result of compositional changes. The 

intermediate composition glasses were prepared by mixing 

appropriate amounts of the powdered endmember glasses before 

heating and quenching as described in Table 6. All 

compositions were calculated on the basis of 8 oxygens (i.e. 

Ne= Na2A1 2si2o8) • 
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a. The System Or-An 

A Raman spectroscopic investigation of the glasses 

along the orthoclase-anorthite join is potentially 

interesting for a number of reasons. Both compositions 

produce solid phases consisting of feldspar structure, yet 

their melt structures are distinctly different (see above 

discussion1 Taylor and Brown, 1979a). Melt and glass of An 

composition consists predominantly of interconnected 4-

membered rings of T04 tetrahedra analogous to those in the 

structure of the crystalline feldspar whereas Or glass 

contains a larger proportion of 6-membered ring structures. 

Or glass also likely contains domains of leucite-like 

structure, consistent with the appearance of leucite as its 

liquidus phase (Schairer and Bowen, 1947). Any spectral 

variation resulting from changes in Si/Al of the glasses 

along this join (Si/Al = 3 for Or and 1 for An) are also of 

interest. The liquidus for this binary system contains a 

single eutectic at roughly 20% An composition, with leucite 

and anorthite being the liquidus phases on either side of 

this composition (Schairer and Bowen, 1947). 

The I;; Raman spectra of glasses along the join Or-An 

are presented in Figure 24. Refractive indices and spectral 

band positions of the glasss along the join are presented in 

Table 9. The refractive indices of the glasses along the 

join vary smoothly with nominal composition and are 
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Figure 24. Raman spectra (I;;) of glasses having 
compositions along the Or-Art join • 
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Table 9 

Raman Frequencies* (cm-1) and Refractive Indices of Glasses Along the Or-An Join 

Composition: OrlOO Or80An20 Or60An40 Or40An60 Or20An80 

Refractive index: 1.485 1.499 1. 515 1.535 1. 555 

t 
72 s ,p 68 s,p 

~,310 vw,bd '\.320 vw,bd "'324 vw,bd "'326 vw,bd "'320 vw,bd 
452 (sh) ,p 
490 vw,p 490 vs,p 492 vs,p 498 vs,p 500 vs ,p 
578 (sh),p '\,576 (sh),p "'576 (sh),p "'568 (sh) ,p "'568 (sh) ,p 

"'802 w,bd "'790 vw,bd "'772 vw,bd '\,768 vw, bd "'764 w,bd 
1015 w,(sh),bd 1012 w,(sh),bd 1033 w,bd 

"'1014 m,bd "'993 m,bd 
1118 w,(sh) 1104 w,bd 1079 w,(sh) 

-1 -1 *Accuracy: ±5 cm for strong and medium intensity bands and ±10 cm for weak bands and shoulders. 
tAbbreviations: w, weak; m, medium; s, strong; v, very; bd, broad; (sh), shoulder; p, polarized. 

• • 

AnlOO 

1. 573 

90 s,p 
"'320 vw,bd 

508 vs,p 
"'572 (sh) ,p 
"'770 w,bd 

"'984 m,bd 
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consistent with those of both the endmember and intermediate 

composition glasses as reported by other workers (Schairer 

and Bowen, 1947: Taylor and Brown, 1979a). 

The spectra of the glasses having compositions along 

the Or-An join generally exhibit systematic variations with 

composition. The vs(T-0-T) band in the spectrum of Or glass 

loses its shoulder characteristic of the leucite domains 

with addition of 20% An component, then shifts to higher 

frequency until the 100% An composition is reached (Table 9, 

Fig. 24). It should be noted, however, that the frequency 

of the vsCT-0-T) band remains nearly constant in the spectra 

of the glasses containing between 0 and 40% An before 

increasing more rapidly with An content at the high An end 

of the join (Table 9, Fig. 25). This may reflect a greater 

contribution of the An component to determining the ring 

structures in glasses having the higher An contents • 

The high frequency shoulder to the vs(T-0-T) band (at 

~570 cm-1 ) increases in intensity and becomes less distinct 

as the An end of the join is approached. This shoulder also 

appears to shift to slightly lower frequency (Table 9). 

These observed changes may be partially due to the 

increasing frequency of the vs(T-0-T) band in the spectra of 

glasses along the join, and the resulting overlap of the 

vs(T-0-T) band with its high frequency shoulder. It is 

likely, however, that at least part of the intensity 

increase is due to the increasing intensity of a band in 
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this region of the spectrum and results from the larger Al 

content of glasses at the An end of the join (see discussion 

in the following chapter). The spectrum in the high 

frequency region (850-1250 cm-1) is altered dramatically as 

the glass composition changes from pure Or to pure An 

(Fig. 24). The Or glass spectrum contains a pair of 

unresolved high frequency features which shift continuously 

in the spectra of glasses along the Or-An join to become a 

single asymmetric feature in the spectrum of An glass. 

The nearly constant frequency of the vs(T-0-T) band 

between the spectra of pure Or and or60An40 glasses could be 

taken to indicate the retention of the leucite-like domains 

in these glasses without the incorporation of larger numbers 

of 4-membered ring structures. This is not likely the case 

since leucite does not appear as the liquidus phase beyond 

about 20% An content (Schairer and Bowen, 1947). Because 

the vs(T-0-T) shoulder characteristic of the leucite 

structure does not appear in the spectra of either the 

Or9 0An20 or the Or60 An40 glasses, the observed lack of 

vs(T-0-T) band shift for these glasses likely results from a 

more random incorporation of the 4-membered rings throughout 

the glass structure upon the loss of distinct structural 

domains. Glasses having compositions beyond 40% An content 

almost certainly revert back to random ring structures in 

which the concentration of 4-membered rings increases as the 

An composition is approached. 
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Changes appearing in the high frequency spectra of the 

glasses along the Or-An join reflect the changing 

distribution of tetrahedral linkages in these glasses. 

Glass of pure Or composition contains two distinct types of 

Si-0 linkages: those in which the oxygen bridges to another 

Si, and those in which it bridges to an Al. The 

antisymmetric stretching mode of sio4 tetrahedra is 

therefore split into nondegenerate components, observed as a 

doublet. The An glass, however, likely consists largely of 

Si-0(-Al) linkages with few Si-0(-Si) bonds. Its 

antisymmetric stretching mode envelope is therefore 

dominated by a sing 1 e band. As noted above, the asymmetry 

of this band indicates some Si-0-Si linkages must remain in 

the glass, suggesting that Si-Al ordering is likely less 

than perfect. The antisymmetric stretch mode bands in the 

spectra of the glasses having compositions along the join 

exhibit continuous variations between the two endmember 

spectra. 

It was initially believed that antisymmetric stretching 

features in the spectra of glasses along the Or-An join 

reflected a decrease in intensity of the higher frequency 

antisymmetric stretching component of these bands and a 

concurrent increase in the intensity of the lower frequency 

component with increasing An content (Matson et al., 1982). 

It is now considered more likely that the higher frequency 

component of the envelope shifts toward lower frequency as a 
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result of the decreasing Si/Al. The broadening of features 

in the spectra of the intermediate glasses relative to those 

in the spectra of the endmember glasses may result, in part, 

from the presence of two charge balancing cations having 

distinct charge densities, and consequently creating 

somewhat greater disorder in the T-0-T bond angle and T-0 

bond lengths than exists in either of the endmember glass 

structures • 

b. The System Ne-An 

The spectra of glasses having compositions along the 

join Ne-An are of interest because of the differences in 

predominant ring structures in the two endmember glasses as 

inferred from their "s(T-0-T) band frequencies. Also, 

because Si/Al is constant in all the glasses along this 

join, any spectral changes observed must result from other 

factors • The high temperature phase relationships of 

compositions along the Ne-An join have been studied by Bowen 

(1912) and Gummer (1943). The liquidus phases of 

compositions along this join are apparently not completely 

defined (Gummer, 1943), but appear to consist of carnegieite 

and anorthite near their respective ends of the join, and 

cx-Al 2o3 between (25-75% An) • 
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The polarized CI;;> spectra of all the glasses along 

the Ne-An join are presented in Figure 26, and glass 

refractive indices and spectral band positions are recorded 

in Table 10. Refractive indices of the glasses along the 

join vary smoothly with composition and are in close 

agreement with those reported for glasses of these 

compositions by Gummer (1943) and Goldsmith (1947). 

A shift in the frequency of the vs(T-0-T) band from 

485 cm-1 at the pure Ne composition to 508 cm-1 at the An 

composition (Table 10, Fig. 26) suggests an increase in 

4-membered ring concentration in the glasses with increasing 

An component. Clearly, differences in Si/Al cannot be 

invoked to account for these changes as all glasses along 

the join have the same Si/Al. An apparent break in the 

slope of the vs(T-0-T) vs. percent anorthite for the glasses 

along this join (Fig. 25) may reflect different 

contributions of the Ne and An components in the high and 

low An glasses. 

There is little change in the high frequency region of 

the spectra of the glasses along the Ne-An join. This is 

expected because of the constant Si/Al (= 1), producing a 

single antisymmetric stetching mode from silicon atoms 

surrounded by 4 Alo4 tetrahedra. The position of the high 

frequency feature shifts gradually toward lower frequency 

with increasing An content, probably due to differences in 
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Figure 26. Raman spectra (I1;> of glasses having 
compositions along the Ne-Ari join. 
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Table 10 

Raman Frequencies* (cm-1) and refractive indices of glasses Along the Ne-An Join 

Composition: NelOO Ne80An20 Ne60An40 Ne40An60 Ne20A"80 AnlOO 

Refractive index: 1.513 1. 523 1.533 1.546 1. 559 1.573 

"-285 -~.bdt 
74 s,p 90 s,p 

"-283 vw, bd "-304 vw,bd "'300, vw,bd "'313 vw,bd "'320 vw,bd 
485 vw,p 490 vw,p 498 vw,p 502 vw,p 508 vs,p 508 vs,p 
558 (sh),p 565(sh),p 560 (sh) ,p 564 (sh),p 570 (sh) ,p "-572 (sh) ,p 

"'735 w,bd "'741 w,bd "-745 w,bd "'760 w,bd "'759 w,bd "-770 w,bd 
1005 m,bd 990 m,bd 994 m,bd 988 m,bd 980 m,bd 985 m,bd 

1 -1 *Accuracy: ±5 cm- for strong and medium intensity bands and ±10 cm for weak bands and shoulders. 
tAbbreviations: w, weak; m, medium; s, strong; v, very; bd, broad; (sh), shoulder; p, polarized • 
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the charge densities of the charge balancing cations in the 

endmember glasses • 

c. The System Ab-An 

The structures of glasses along the Ab-An join are of 

interest because, like those along the Or-An join, they are 

both feldspar-forming compositions in which the Si/Al 

changes from 3 in Ab to 1 in An. Also, as in the or-An 

system, the ring structures of the endmember glasses have 

been shown to be distinct. 6-membered ring structures 

predominate in the Ab glass whereas the An glass structure 

is likely similar to that of its crystalline feldspar and 

contains dominantly 4-membered rings (Taylor and Brown, 

1979a1 this chapter). Unlike the Or-An system, however, the 

liquidus phase along the Ab-An join consists of a solid 

solution of the plagioclase feldspars (Bowen, 1928). In 

addition, viscosity data (Cranmer and Ohlmann, 1981), 

density data (Arndt and Haberle, 1973), and heats of mixing 

and solution for melts and glasses of a number of 

intermediate compositions (Navrotsky et al., 19801 Weill et 

al., 1980) have been reported and discussed in terms of melt 

and glass structures. 

The polarized Raman spectra (I;;> of glasses having 

compositions along the Ab-An join are presented in 

177 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Figure 27. Spectral band frequencies and refractive indices 

of the glasses along the join are reported in Table 11. The 

refractive indices are consistent with those reported by 

Franco and Schairer (1951) for glasses of these 

compositions • 

In general, variations observed in the spectra of 

glasses having compositions along the Ab-An join are 

analogous to those observed in glasses along the the Or-An 

join. The vs(T-0-T) band shifts to higher frequency with 

increasing An content. This shift is not continuous, and 

distinct breaks are noted at ~20% and ~45% An compositions 

(Fig. 25, Table 11). The shoulder on the high frequency 

side of the vs(T-0-T) band increases in intensity with 

larger An contents and becomes less well defined. The 

shoulder also appears to shift ~10 cm-1 to lower frequency 

in the spectra of glasses along the join, but this may 

result from greater overlapping of the v5 (T-O-T) band and 

the "defect" band as the vs(T-0-T) band is shifted toward 

higher frequency near the An end of the join. The distinct 

high frequency doublet observed in the spectrum of Ab glass 

merges into a single feature whose intensity appears to 

increase relative to the intensity of the vs(T-0-T) band 

with increasing An component (Fig. 27). 

The abrupt change in slope of the vs(T-0-T) band 

position as a function of glass composition at ~50% An may 

reflect a structural change in the glass network in this 
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Figure 27. Raman spectra (Ii;> of glasses having 
compositions along the Ab-Art join • 
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Table 11 

Raman Frequencies* (cm- 1) and Refractive Indices of Glasses Along the Ab-An Join 

Composition: AblOO Ab90AnlO Ab80An20 Ab60An40 Ab50An50 Ab40An60 Ab30An70 

Refractive index: l. 491 1.499 l. 507 l. 527 1. 529 1. 541 l. 551 

"-312 vw,bi 
86 s,p 86 s,p 

"-332 vw,bd "-340 vw,bd "-336 vw,bd "-342 vw,bd "-336 vw,bd "-344 vw,bd 
482 vs,~ 482 482 vs,p 494 vs,p 498 vs,~ 500 vw,p 500 vs,~ 

"'578 (sh ,p 572 578 (sh),p "-572 (sh).p 570 (sh ,p "-572 (sh),p 574 (sh ,p 
'\.800 w, bd 798 "-800 w,bd '\, 786 w ,bd 770 w,bd "-764 w,bd "-110. w,bd 
"-998 (sh) 1000 "-1010 (sh) "-994 (sh) 

"'1060 m,bd 1004 m,bd 998 m,bd 
1092 m,bd 1080 1050 m,bd 1038 m,bd 

*Accuracy: ±5 cm-l for strong and medium intensity bands and ±10 cm-1 for weak bands and shoulders . 
tAbbreviations: w, weak; m, medium; s, strong; v, very; bd, broad; (sh), shoulder; p, polarized. 

Ab20An80 

1. 559 

74 s,p 
"-340 vw,bd 

504 vs,~ 
574 (sh ,p 

"-116 w,bd 

994 m,bd 

• • • 

Ab10An90 AnlOO 

1.569 l.573 

86 s,p 90 s,p 
"-326 vw. bd "-320 vw ,bd 

506 vs ,p 508 vs,p 
"-566 (sh),p "-572 (sh) ,p 
"-110 w,bd "-110 w,bd 

"'996 m,bd "-984 m,bd 
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compositional region. Specifically, the proportion of 

4-membered ring structures to larger-membered rings may 

change, causing the vs(T-0-T) band frequency to shift at a 

different rate with composition. A similar shift in the 

glass structure may take place at ~20% An composition, as 

reflected in the sudden increase in vs (T-0-T) frequency at 

this composition (Fig. 25). On the basis of viscosity data 

of melts having compositions along the Ab-An join, Cranmer 

and Uhlmann (1981) have suggested that relatively little 

change takes place in the melt structure between Ab and 20% 

An content, but that the structure changes appreciably 

between 20% An and 50% An composition. This may be 

interpreted in terms of the incorporation of 4-membered ring 

structures into a predominantly 6-membered ring network • 

Navrotsky et al. (1980) noted no abrupt changes in their 

enthalpy of solution or heats of mixing data for glasses 

along the Ab-An join. They did, however, note that 

significant negative heats of mixing in glasses in the Ab-An 

system (2. -2 kcal/mol) may be related to the distinct ring 

structures in the networks of the endmember glasses. 

Changes in the high frequency antisymmetric stretching 

features in the spectra of glasses along the Ab-An join are 

similar to those observed in the spectra of glasses along 

the Or-An join (Figs. 27 and 24). This is expected in view 

of the equivalent Si/Al of the Ab and Or compositions. The 

variations in this region of the spectra reflect changes in 
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the T-cation composition of the glass and are not likely 

influenced to any great extent by longer-range structural 

parameters (e.g. ring distributions). In general, the 

doublet observed in the antisymmetric stretching region of 

the Ab glass spectrum is seen to collapse into a single 

slightly asymmetric feature in the An glass spectrum in the 

glasses along the join. This reflects the change from a 

structure consisting of Sio4 units mostly linked to other 

Sio4 units in Ab glass to one in which Si-0-Al linkages 

predominate in An glass. 

CONCLUSIONS 

Similarities between the spectra of the crystalline 

tectosilicates and those of their isochemical glasses is 

taken to indicate structural similarities existing between 

the two phases, at least in terms of the maintanence of sio4 

and Al04 units which are interconnected into continuous 

three dimensional framework structures. The broadness of 

the bands and the 1 ack of fine structure in the spectra of 

glasses relative to the isochemical crystal spectra results 

directly from the disordered state of the glassy material. 

The frequency of the vs(T-0-T) bands in the spectra of 

the materials having tetrahedral framework structures is 

sensitive to the size of the T04 rings present in their 
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structures. Crystalline tectosilicates whose structures are 

dominated by 4-membered rings of T04 tetrahedra (i.e • 

coesite, feldspars) have vs(T-0-T) frequencies above 

500 cm-1 whereas those containing 6-membered and larger 

rings have vs(T-0-T) bands which appear below 480 cm-1 • 

Using a similar criterion to determine the ring structures 

in aluminosilicate glasses, An glass has been shown to 

contain 4-membered T04 rings similar to those in the 

crystalline feldspar phase, whereas Jd, Ab, and Ne glass 

structures likely consist predominantly of larger-membered 

rings. Or glass quenched from Or composition melt may 

contain domains of leucite-like stucture as well as domains 

consisting largely of 6-membered rings • 

High frequency features in the spec tr a of the 

tetrahedral framework aluminosilicate glasses result from 

the antisymmetric stretching modes of the framework 

structures. The appearance of distinct bands in the spectra 

of Ab glass doped with small amounts of excess Na2o and 

Al 2o3 indicate that nonbridging oxygen stretching modes are 

not responsible for the characteristic high frequency Ab 

glass Raman spectral features. It is argued that residual

minimized Gaussian curve-fitting is probably not strictly 

valid for interpreting the high frequency features in the 

spectra of the framework aluminosilicate glasses and that 

these features are best interpreted in terms of two dominant 

bands. Variations in frequencies and intensities of high 
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frequency bands with variations in Si/Al in these glasses 

indicate that the higher frequency component of the 

antisymmetric stretching mode envelope involves significant 

contributions from the stretching of Si-0(-Al) bonds whereas 

the lower frequency component involves a greater 

contribution from Si-0(-Si) linkages of the sio4 tetrahedra. 

Shifting of these bands to lower frequency with increasing 

Al content of the glasses indicates that both components of 

the antisymmetric stretching mode are sensitive to the 

overall T-0 bond strength of the glass and therefore must be 

at least partially delocalized. Relative intensity of the 

high frequency envelope is also shown to be sensitive to 

Si/Al because of differences in character of the Si-0 and 

Al-0 bonds in the network. Antisymmetric stretching 

features in the spectra of the framework aluminosilicate 

glasses are also affected by the type of charge balancing 

cation present in the structure. 

The above interpretations are consistent with observed 

changes in the spectra of glasses having compositions along 

the Or-An, Ne-An, and Ab-An joins. Variations in vs(T-0-T) 

band frequencies with compositional changes in the spectra 

of glasses along these joins reflect changes in the T04 ring 

distributions in these materials and indicate the 

delocalized nature of the vs(T-0-T) mode. variations in the 

shapes of the high frequency antisymmetric stretching 

envelope with changes in composition in the spectra of 
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glasses along the Or-An and Ab-An joins is related to the 

changes in Si/Al of these glasses • 
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CHAPTER VIII 

RAMAN SPECTRA OF ATOMIC SUBSTITUTED FRAMEWORK 

SODIUM ALUMINOSILICATE GLASSES 

INTRODUCTION 

Sodium aluminosilicate minerals are important 

components of rock-forming systems. Consequently, a number 

of Raman spectroscopic investigations of glasses having 

compositions along the sio2 -NaA1Sio4 join have been 

undertaken (e.g. Sharma et al., 1978b; Seifert et al., 1982; 

McMillan et al., 1982). In addition to the endmember, 

silica, other mineral-forming compositions along this join 

include those of al bite (NaAlsi3 o 8 ), jadeite (NaAlsi2 o 6 ), 

and nephel ine (NaAl sio4 ). It is commonly agreed among 

workers in the field that all ambient pressure glasses 

having compositions along the NaAlo2-sio2 join have three

dimensional network structures in which Al3+ substitutes for 

Si 4+ as a tetrahedral cation and is charge balanced by the 

presence of Na+ (see discussion chapter 7). Unfortunately, 

a more detailed knowledge of framework aluminosilicate glass 

structure has been clouded by contradictory interpretations 

of the spectral features of these glasses (e.g. Sharma et 
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al., 1978b, 1983; Seifert et al., 1982; McMillan et al., 

1982) • 

Recent investigations of the Raman spectra of 

isotopically substituted Sio2 and Geo2 glasses (Galeener and 

Mikkelson, 19811 Galeener and Geisberger, 1983; Galeener et 

al., 1983a) have contributed to our knowledge of vibrational 

modes producing the spectral features of these network 

glasses • From the results of studies using several 

techniques, it has been established that gallium and/or 

germanium ions may substitute for aluminum and/or silicon in 

crystals and glasses of a number of aluminosilicate 

compositions at ambient pressure (Goldsmith, 1950; Dubrovo 

and Lileev, 1960; Iiishi et al., 1971a; Langer, 1971; Trojer 

and Geyer, 1972; Calleri and Gazzoni, 1979; Shelby, 1981a,b; 

Capabianco and Navrotsky, 1982; Kushiro, 1983). Iiishi et 

al. (197la) used both gallium and germanium substituted 

samples to assist in assigning structural interpretations of 

features in the infrared spectra of crystalline feldspars. 

Qualitative comparisons between the Raman spectra of 

framework aluminosiicate glasses and their gallium for 

aluminum and/or germanium for silicon substituted 

counterparts may also prove useful in interpreting the Raman 

spectra of aluminosilicate glasses. Raman spectra have been 

reported for a limited number of glasses having atomic 

substituted framework aluminosilicate compositions (Virgo et 

al., 1979; Henderson et al., 1983a,b; Fleet et al., 1984), 
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but polarization data have not been reported. 

technique of using atomic substituted 

interpreting the vibrational spctra of 

Although the 

samples for 

glasses is 

potentially as useful as isotopic substitution, care must be 

taken to account for differences in cationic radii, masses, 

and cation-oxygen force constants in systems having 

different tetraheral cation populations. 

In the present work the Raman spectra of Sio2 and Geo2 

glasses are critically compared to establish a relationship 

between the features in the Raman spectra of these two 

tetrahedral framework glasses. Corresponding relationships 

are then established between features in the spectra of 

framework sodium aluminosilicate glasses and their Ga for Al 

and/or Ge for Si substituted counterparts • 

SAMPLES 

All glasses for which Raman spectra are presented here, 

except the sio2 glass, were prepared by the rapid quenching 

of melts having appropriate compositions as described in 

chapter 6. Preparation conditions for each glass are 

reported in Table 12. The Sio2 glass sample was cut from a 

piece of ultraviolet grade fused silica optical window 

(Oriel Corporation, Stamford, Conn.) • 
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Table 12 

Compositions, Preparation Conditions, and Appearances of 
Framework Sodium Aluminosilicate, Gallosilicate, Aluminogermanate, and 

Gallogermanate Glasses Used to Obtain Raman Spectra 

Composition 
Starting 

Components 
Fusion 

Temp. ( °C) 

Time at 
Fusion 

Temp. (Hr.)* Appearance** 

Ge02 

NaAlS i 3o8 (Al-Si-Ab) 

NaA1Si2o
6 

(Al-Si-Jd) 

NaA1Si04 (Al-Si-Ne) 

NaGaSi3o8 (Ga-Si-Ab) 

NaGaSi2o6 (Ga-Si-Jd) 

NaGaS104 (Ga-Si-Ne) 

2.5NaA1o2•97.5Ge0
2 

5NaAlo2 • 95Geo2 
10NaAl0

2 
•90Geo

2 
15NaAlo2 •85Geo2 
20NaAl02 •80Geo2 
25NaA1o

2 
•75Geo

2 
(NaA1Ge3o8; Al-Ge-Ab) 

33NaAlOz·67Ge02 

(NaA1Ge2o6; Al-Ge-Jd) 

42NaAlo2 • 58 Geo
2 

50NaAl0
2 

• 50Ge0
2 

(NaGaGeo4 ; Al-Ge-Ne) 

1 ONaGa02 • 90Geo2 
NaGaGe3o8 (Ga-Ge-Ab) 

NaGaGe2o6 (Ga-Ge-Jd) 

NaGaGeo4 (Ga-Ge-Ne) 

(i ) 

Quartz form Geo2 

Na2co3+A1
2

o3+Si02 
Na

2
co

3
+A1

2
o3+Si02 

~a 2 co3+Al 2o3+Si02 
Na 2co3+Ga 2o3+Si02 
Na 2 co

3
+ea2o3+Si02 

Na2co
3

+Ga2o
3
+Si02 

(Al-Ge-Ab)+Geo2 
(Al-Ge-Ab)+Ge02 
(Al-Ge-Ab)+Geo

2 
(Al-Ge-Ab)+Ge0

2 
(Al -Ge-Ab) +Ge0

2 
Na

2
co

3
+Al

2
o

3
+Geo

2 

(Al-Ge-Jd)+(Al-Ge-Ne) 

Na 2co3+Al2o
3
+ceo

2 

(Al-Ga-Ab)+Ge02 
Na 2co3+ca2o3+Geo2 
Na

2
co3+Ga2o

3
+Geo2 

Na2co3+Ga2o3+Geo2 

1350 

1600 

1585 

1620 

1650 

1585 

1550 

1300 

1300 

1300 

1300 

1300 

1300 

1425 

1300 

1400 

1300 

1360 

1425 

1400 

+Fused silica u.v. grade optical window (Oriel Corporation). 

2.0 

2 . 0 

2.0 

2. 0 

1.5 

1.5 

1.0 

1. 5 

1. 5 

1.5 

1.5 

1.5 

1. 5 

1. 0 

1.5 

1. 0 

1. 5 

1.5 

1. 0 

1. 0 

c 

c 

B 

c 

c 

c 
c 
c 

c 
c 
c 
c 
c 
c 

c 

c 
c 

c 
c 
c 
c 

*All glasses quenched by removal from furnace and being allowed to cool in air. 
**C • clear and bubble free, B • contains minute bubbles but otherwise clear • 
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RESULTS Afill DISCUSSION 

• 
a. The sio2 and Geo2 Glass Spectra 

e The following discussion of the Sio2 and Geo2 glass 

• 

• 

• 

• 

• 

• 

• 

• 

Raman spectra is not intended as a comprehensive review of 

the subject. To attempt such a review would be a major 

undertaking due to the extensive research done on these 

"simple" glass systems. Some knowledge of the vibrational 

assignments of features appearing in the Sio2 and Geo2 glass 

spectra will prove useful, however, for the discussions in 

the remainder of this chapter. 

The polarized spectra CI;; and I 1 ) of sio2 and Geo2 

glasses are presented in Figure 28. The frequencies 

indicated on these and other spectra in this report 

correspond to intensity maxima, distinct shoulders, or 

observed changes in slope. They are not intended to 

represent individual band positions, and have been included 

for reference purposes only • 

Although the Raman spectra of sio2 and Geo2 glasses 

may, at first, appear distinctive, a careful examination 

reveals that a close correlation exists between features in 

the spectra of these materials. On the basis of viscosity 

data, Mackenzie (1960) showed that the energies of Ge-0 and 

Si-0 bonds in Geo2 and sio2 liquids are comparable (104 and 

106 kcal/mol, respectively), and the corresponding Si-0 and 
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Figure 28. The polarized Raman spectra (I// and Ii) of Sio2 and Geo2 glasses. Frequencies marked on the spectra 
indicate intensity maxima, shoulders, or distinct changes in 
slope. 
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Ge-0 stretching force constants are also likely similar 

al though not identical. On the basis of the mean Si-0 and 

Ge-o bond lengths in Sio2 and Geo2 glasses, Borrelli (1969) 

estimated the si-0/Ge-o force constant ratio to be 1.21 in 

sio2·Geo2 glass. Galeener et al. (1983a) estimated the Si-0 

and Ge-0 force constants in Sio2 and Geo2 glasses to be 

4.0xl05 and 3.3xl05 dyne/cm, respectively. Bands in the 

spectrum of Geo2 glass appear at lower frequencies than 

corresponding bands in the spectrum of sio2 glass, partly 

because of this small difference in Si-0 and Ge-0 stretching 

force constants, but also because of the larger mass of Ge 

relative to Si (73 vs. 2 8 amu, respectively). Narrow 

halfwidths of the bands in the spectrum of Geo2 glass as 

compared with the halfwidths of the corresponding bands in 

the spectrum of sio2 glass (Fig. 28) likely reflect a 

smaller variation in the Ge-0-Ge bond angle in Geo2 glass as 

compared with the corresponding Si-O-Si bond angle in the 

structure of Sio2 glass. 

The Raman spectra of Sio2 and Geo2 glasses are 

dominated by polarized bands at 437 and 414 cm-1, 

respectively. The behavior of these bands in the spectra of 

isotopically substituted Sio2 (Galeener and Mikkelson, 19811 

Galeener and Geissberger, 1983) and Geo2 glasses (Galeener 

et al., 1983a) indicates that they originate from 

vibrational modes involving predominantly oxygen motion 

relative to nearly stationary tetrahedral cations. The 
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highly polarized nature and high intensities of these bands 

in the spectra of the T0 2 glasses (T = Si, Ge) are 

consistent with their assignments to the symmetric 

stretching motion of bridging oxygens in the plane bisecting 

the T-0-T bond angle. This mode is commonly referred to as 

the vs(T-0-T) mode (Galeener, 1979) • . 

Polarized shoulders on the high frequency side of the 

Vs (T-0-T) bands appear in the spectra of both Sio2 

(606 cm-1 ) and Geo2 glasses (518 cm- 1 ). The vibrational 

modes producing these bands have been found to involve 

primarily oxygen motion, with 1 i ttl e or no cation 

contribution (Galeener and Geissberger, 1983; Galeener et 

al., 1983a). Also, these bands in the spectra of the two 

glasses behave similarly in response to the glass 

temperatures or fictive temperatures (Mikkelson and 

Galeener, 1980; Seifert et al., 1981; Geissberger and 

Galeener, 1983), to neutron irradiation (Bates et al., 1974; 

Galeener, 1980), and to the dissolved water contents of the 

glasses (Stolen and Walrafen, 1976; Galeener and Geils, 

1977). Consequently, the 606 cm-1 Sio2 and 518 cm- 1 Geo2 

glass spectral features have been generally referred to as 

"defect" bands (Bates et al., 1974; Galeener, 1980; Sharma 

et al., 1981: Seifert et al., 1981) and it is likely that 

they are related to a vibrational mode of partially broken 

Si-0 and Ge-0 linkages in the glass network (Greaves, 1979; 

Sharma et al., 1981, 1984). The presence of these bands in 
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the spectra of the Sio2 and Geo2 glasses, however, have been 

attributed to various other structural factors (e.g • 

Galeener, 1982a,b; Phillips, 1982, 19841 Revesz and 

Walrafen, 1983) and their assignments remain controversial. 

It is clear that, whatever their origins, the ndefectn bands 

in the spectra of the Sio2 and Ge02 glasses are related to 

similar structures and that they are characteristic of the 

spectra of the To2 tetrahedral network glasses. 

Intermediate frequency depolarized features appear at 

~800 cm-1 in the spectrum of sio2 glass and at ~558 cm-1 as 

a shoulder to the vs(Ge-0-Ge) band in the I;; spectrum of 

Geo2 glass (Fig. 28). The vibrational modes producing these 

features are also infrared active (Galeener and Lucovsky, 

1976a,b). The 558 cm-1 feature is clearly visible in the 

Geo2 glass I1 spectrum in which both the vs(Ge-0-Ge) band 

and the ~~18 cm-1 shoulder are much reduced in intensity 

because of their strongly polarized characters. The 

depolarized 800 cm-1 feature has distinct shapes in the I;; 

and I1 spectra of sio2 glass (Fig. 28). This may result, in 

part, from overlap of the depolarized 800 cm-1 feature with 

a very weak and broad, but strongly polarized band at 

~900 cm-1• Although not well characterized in terms of 

their vibrational origins, the ~800 cm-1 sio2 and ~558 cm-1 

Geo 2 glass vibrational modes are known to involve 

significant vibrational contributions from both T cation and 
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oxygen motion (Galeener and Geissberger, 1983; Galeener et 

al., 1983a} • 

The 800 cm-1 feature of the sio2 glass spectrum may 

consist of components at approximately 800 and 820 cm- 1 , 

corresponding to a tranverse optic (TO} and longitudinal 

optic (LO) pair (Galeener and Lucovsky, 1976a,b). Hyper-

Raman scattering studies also indicate the presence of TO 

and LO components in this region of the Raman spectrum of 

sio2 glass (Denisov et al., 1979, 1981). On the basis of 

Raman and infrared studies of Geo2 glass, it has been 

proposed (Galeener and Lucovsky, 1976a,b) that the Raman 

shoulder at ~558 cm-1 is composed of a pair of overlapping 

bands at 556 (TO) and 595 (LO} cm-1 • 

The depolarized nature of the 800 cm-1 feature in the 

spectrum of Sio2 glass and the 558 cm-1 feature in the 

spectrum of Geo2 glass indicates that these bands may be 

related to the 795 and 590 cm- 1 (E mode) bands observed in 

the Raman spectra of polycrystalline a-quartz forms of sio2 

and Geo2 , respectively (Sharma et al., 1979, 1981). In 

general, depolarized Raman bands originate from 

antisymmetric deformation and/or degenerate modes, whereas 

nondegenerate symmetric stretching modes produce polarized 

bands (Herzberg, 1945). The 800 cm-1 Sio2 glass and 

558 cm-1 Geo2 glass envelopes are likely related to motion 

involving intertetrahedral deformations and are referred to 
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below as the v 0 (Si-0-Si) and v 0 (Ge-0-Ge) bands, 

respectively • 

A high frequency depolarized doublet appears in the 

Raman spectra of both the Sio2 and Geo2 glasses. The 

relative intensities and shapes of these features agree 

closely in the spectra of the two glasses, suggesting that 

their presence is characteristic of the T02 glass spectra. 

Isotopic substitution studies indicate that the vibrational 

modes responsible for these bands involve both significant 

cation and oxygen motion (Galeener and Mikkelson, 1981; 

Galeener and Geissberger, 1983, Galeener et al., 1983a) • 

Features in the spectrum of Sio2 glass have been 

related to the vibrational modes of isolated SiF4 molecules 

(Galeener and Lucovsky, 1976b; Phillips, 1982). The effect 

of intertetrahedral linkages on the vibrational frequencies 

of the tetrahedral units in T04 network glasses, however, is 

expected to be large when T-0-T bond angles deviate 

significantly from 90° (Sen and Thorpe, 1977; Phillips, 

1982), and direct comparisons between vibrational modes of 

molecular SiF4 and features in the spectrum of Sio2 glass 

are therefore not strictly valid. It appears that if the A 

cations occupy sites of Ta symmetry, the v 3 (F2) mode of AX4 

molecules, corresponding to the antisymmetric stretching of 

A-X bonds, retains its triply degenerate (F) character even 

when the AX 4 unit is bound in a three dimensional network 

(Phillips, 1982). A second (F2) mode of Ax4 tetrahedral 
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units should also appear at lower frequencies (200-

500 cm-1). No such low frequency feature is observed in the 

spectra of Sio2 or Geo2 glasses, indicating, perhaps, that 

this mode may mix strongly with other low frequency modes 

(e.g. vs(T-0-T)) or that it may simply produce a band too 

weak to be observed. 

The presence of depolarized antisymmetric stretching 

features in the spectra of sio2 and Geo2 glasses and the 

absence of any polarized high frequency bands are consistent 

with the interpretation that the sio4 and Geo4 tetrahedra 

retain Ta site symmetries in their respective glasses and 

that the high frequency features are derived from the v 3 (F) 

modes of the T04 tetrahedra. It will be shown below that 

there is some effect of coupling between tetrahedral units 

on the vibrational frequencies of the antisymmetric 

stretching modes of tetrahedral network glasses. Because of 

this, and for consistency with the notations used for the 

low and intermediate frequency spectral features, the 

antisymmetric stretching modes in sio2 and Geo2 glasses are 

sometimes referred to below as VasCSi-O-Si) and vasCGe-0-Ge) 

modes, respectively. 

In the above discussion it is recognized that the 

analysis of vibrational modes of glasses using group theory 

may not be strictly valid. The observation of both 

polarized and depolarized bands in the spectra of Sio2 and 

Geo2 glasses does, however, indicate that the local site 
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symmetry of tetrahedra in the glass network plays a role in 

defining the polarization characteristics of the Raman 

spectral bands. 

In contrast to the va8 (T-O-T) doublets observed in the 

spectra of Sio2 and Geo2 glasses, calculated vibrational 

density-of-states of network T02 glasses predict that, in 

the absence of vibrationally distinct units in the glass 

structures, only a single high frequency feature will be 

observed (e.g. Bell and Dean, 19701 Sen and Thorpe, 19771 

Thorpe and Galeener, 1980). The presence of a doublet in 

the high frequency region of the sio2 and Geo2 glass spectra 

has been attributed to the splitting of the antisymmetric 

stretching mode (v as (T-0-T)) into TO and LO components due 

to intermediate-to-long range electromagnetic forces not 

accounted for in the theoretical models (Galeener and 

Lucovsky, 1976a,b7 Galeener et al., 1983b). The Vas(T-0-T) 

mode is both Raman and infrared active, and TO-LO splitting 

has been experimentally observed in the high frequency 

region of the hyper-Raman scattering spectrum of Sio2 glass 

(Denisov et al., 1979, 1981). 

The TO-LO splitting model for vibrational modes in 

glasses has not been universally accepted, and a number of 

other explanations have been forwarded to account for the 

presence of the depolarized do blet in the high frequency 

sio2 and Geo2 glass spectra (e.g. Phillips, 19827 Seifert et 

al., 19827 McMillan et al., 1982). It is clear, however, 
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that the high frequency depolarized doublet is a 

characteristic feature of the spectra of the single T-cation 

sio2 and Geo2 glasses and that these bands result from 

similar vibrational modes in the two materials. 

Polarized features at 490 cm-1 in the spectrum of Sio2 

glass and 340 cm-1 in the spectrum of Geo2 glass appear not 

to correlate with any feature in the spectrum of the other 

glass. The 490 cm-1 sio2 glass band has been attributed to 

structural defects (Stolen et al., 19701 Bates et al., 

1974), to small (<6 membered) vibrationally isolated rings 

of Sio4 tetrahedra (Sharma et al., 19811 Galeener, 1982a,b; 

Revesz and Walrafen, 1983), and to surface modes of quasi

crystal line silica clusters (Phillips, 1982). The 

vibrational mode producing the 490 cm-1 sio2 glass band 

consists almost entirely of oxygen motion relative to the Si 

cations (Galeener and Mikkelson, 1981; Galeener and 

Geissberger, 1983) and in this respect is similar to the 

vs(Si-0-Si) mode. The 340 cm-1 Geo2 glass band, however, 

results from a vibrational mode involving significant cation 

motion (Galeener et al., 1983a), and clearly the 490 cm-1 

sio2 and 340 cm-1 Geo2 glass bands are unrelated to each 

other. It is possible that a band corresponding to the 

340 cm- 1 Geo 2 glass band may be buried in the broad 

vs(Si-0-Si) envelope of the Si.02 glass spectrum. The 

vibrational spectra of sio2 and Geo2 glasses calculated from 

random network models (e.g. Bell et al., 1970) have low 
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frequency features (<400 cm-1 ) attributed to vibrational 

modes involving large amounts of cation motion. These 

features are more pronounced in the calculated vibrational 

spectrum of Geo2 g 1 ass than in that of sio2 g 1 ass (Bel 1 et 

al., 1970), consistent with the experimental results • 

The strong correlation observed between most of the 

features in the spectra of Sio2 and Geo2 glasses (Fig. 28) 

is consistent with x-ray and neutron radial distribution 

function (RDF) analyses which indicate that similar short

r ange (next-nearest neighbor) topology exists in the 

structures of these glasses (Wright and Leadbetter, 1976) • 

Specifically, both glass structures consist of corner

sharing T0 4 tetrahedra similar to those found in the 

crystalline low pressure silica polymorphs. Significant 

differences in the frequencies of corresponding features of 

the Sio2 and Geo2 glasses are likely related to small 

differences in T-0 force constants, distinct cationic 

masses, and perhaps to differences in T-0-T bond angles in 

the structures of glasses in the two systems. Nonideal 

mixing behavior of Sio2 and Geo2 melts (Huang et al., 1978) 

apparently occurs because of the formation of si-0-Ge bonds 

and variations in T-0-T bond angles along the Sio2-Geo2 

join. It has been found, however, that despite the size 

difference between the si4+ and Ge4+ cations {.34A vs •• 48A, 

respectively in 4-fold coordination; Whittaker and Muntus, 

1970), sio4 and Geo4 tetrahedra do apparently intermix to 
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form continuous To4 networks in glasses along the Sio2-Geo2 

join (Sharma et al., 1984) • 

b. The Spectra of The Sodium Aluminosilicate 

e and Gallosilicate Glasses 

• 

• 

• 

• 

• 

• 

• 

• 

Polarized Raman spectra CI;; and r 1 ) of albite 

(Ab;NaAlsi 3o8), jadeite (Jd;NaA1Si 2o6), and nepheline 

(Ne;NaA1Si04) composition glasses and their Ga for Al 

substituted counterparts are presented in Figures 29-31. 

The cation species in these glasses may be included with the 

glass composition symbol to avoid confusion in the following 

discussion (e.g. Al-Si-Ab for Ab glass and Ga-Si-Ab for its 

Ga-substituted counterpart). 

The Raman spectra of glasses having compositions along 

the NaAlo2-sio2 join (Figs. 29-31 and also Fig. 22, 

chapt. 7) have a number of common features, most of which 

appear to have c.orresponding features in the pure endmember 

sio2 glass spectrum (Fig. 28). In the low frequency region 

(<550 cm-1) a single intense, strongly polarized band 

dominates the glass spectrum, although one or more less 

intense bands may appear as shoulders on the low frequency 

side (see, for example, Figure 31 in which such bands are 

quite prominent in the spectrum of Al-Si-Ne glass). The 

high frequency side of this dominant band always contains a 

polarized shoulder between 550 and 600 cm-1 whose intensity 
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Figure 29. The polarized Raman spectra (I;; and Ii) of 
NaAlsi3o8 (Al-Si-Ab) and NaGasi3o8 (Ga-si-'Ab} glasses. 
Frequencies marked on the spectra indicate intensity maxima, 
shoulders, or distinct changes in slope • 
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Figure 30. The polarized Raman spectra (I;~ and Ii) of 
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Frequencies marked on the spectra indicate intensity maxima, 
shoulders, or distinct changes in slope • 
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appears to increase with NaAlo 2 content. A broad 

depolarized or weakly polarized feature appearing between 

700 and 800 cm-1 may also be observed in the spectra of each 

of these glasses. At higher frequencies, a weak to moderate 

intensity, broad envelope consisting of multiple bands is 

observed between 900 and 1200 cm-1. These features are 

depolarized in the spectrum of Sio2 glass and remain only 

weakly polarized in the spectra of the framework 

aluminosilicate glasses. Corresponding features are also 

found in the spectra of the other aluminosilicate glasses 

containing sufficient alkali or alkaline earth cations to 

charge balance Al3+ in tetrahedral coordination (Seifert et 

al., 1982; McMillan et al., 1982} • 

It is not surprising that features in the framework 

aluminosilicate glass spectra correspond closely to those in 

the spectrum of sio2 glass if the Al 3+ ions are considered 

to maintain tetrahedral oxygen coordinations and contribute 

to the framework structure of the g 1 ass. The vibrational 

modes of the aluminosilicate glass frameworks which 

determine their Raman spectra are likely delocalized to the 

point where the vibrations of sio4 and Alo4 tetrahedra have 

mixed character. Such vibrational mixing, due to the 

similar symmetries and vibrational frequencies of sio4 and 

Alo4 tetrahedra, make it impossible to observe bands in the 

Raman spectra of the framework aluminosilicate glasses 

resulting exclusively from vibrations of individual 
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tetrahedral units. The glass composition affects the mean 

tetrahedral cation mass and structural parameters (e.g • 

T-0-T bond angles and T-0 force constants), which in turn 

affect the frequencies of the various vibrational modes of 

the glass network • 

In addition to the general similarities between 

features in the Raman spectra of Sio2 glass and the 

aluminosilicate glasses, strong evidence to support the 

framework structural interpretation of these glasses may be 

found in the high frequency region of their Raman spectra. 

Nonbridging oxygen (NBO) bonds are known to produce strong, 

polarized spectral bands at characteristic frequencies 

between 850 and 1150 cm-1 (Brawer and White, 1975; Virgo et 

al., 1980; chapt. 9). No such character is tic NBO bands are 

observed in the spectra of glasses having compositions along 

the NaAlo2-sio2 join (Sharma et al., 1978b; Seifert et al, 

1982; McMillan et al., 1982). It has been shown in the 

previous chapter that bands resulting from the stretching 

modes of nonbridging oxygens in Ab glass containing excess 

Na2o or Al 2o3 are distinct from the characteristic high 

frequency features in the Raman spectrum of the pure Ab 

glass (Figs. 19 and 20). The results of other techniques 

such as x-ray RDF (Taylor and Brown, 1979a,b; Okuno and 

Marumo, 1982) and thermochemical analyses (Navrotsky et al., 

1980, 1982) have also been interpreted as indicating fully 

polymerized three-dimensional framework structures for the 
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glasses and melts having compositions along the NaAl02-sio2 

join. 

The basic features found in the.Raman spectra of the 

framework sodium aluminosilicate glasses are also present in 

the spectra of the corresponding Ga for Al substituted 

glasses (Figs. 29-31). Some spectral changes occurring with 

Ga for Al subtitution in the glass networks should, however, 

be noted. The position of the dominant low frequency band 

appears to change very little on Ga substitution whereas its 

high frequency shoulder shifts to slightly lower frequency 

when Al is replaced by Ga. Furthermore, the high frequency 

shoulder increases in intensity in the gallium glass spectra 

relative to the intensity of the dominant low frequency 

band. The frequency of the depolarized band near 800 cm-1, 

most clearly resolved in the IL spectra, changes little 

between the spectra of the gallium and aluminum analogs of 

the . Ab and Jd composition glasses (Figs. 29, 30) • The 

corresponding features in the spectra of the Ne glasses 

appear at distinctly lower frequencies (<750 cm-1) and some 

shift of this band to lower frequency may be observed with 

Ga for Al substitution (Fig. 31). 

Intensities of the high frequency bands (>850 cm-1) are 

significantly weaker relative to low frequency features in 

the spectra of the gallium glasses than in the spectra of 

their aluminum-bearing counterparts. The high frequency 

envelopes have similar shapes in the spectra of both the 
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aluminum and gallium analogs of the glasses having 

Si/Al(Ga) > 1 (Ab, Jd), although the bands in this region of 

the gallium-containing glass spectra are shifted to slightly 

lower frequencies (Figs. 29 and 30). The high frequency 

envelope of the Al-Si-Ne glass I;; spectrum appears to 

consist predominantly of a single broad band. The 

corresponding envelope in the Ga-containing analog, however, 

clearly contains at least two components (Fig. 31) • 

Substitution of gallium for aluminum also has a 

pronounced effect on the low frequency region of the Ne 

glass spectrum, causing a considerable narrowing of the 

dominant band in this spectral region (Fig. 31). There is 

much less change in the width of this band with Ga for Al 

substitution in the spectra of Ab and Jd glasses (Figs. 29 

and 30). The relative intensity of the ~sso cm-1 shoulder 

also increases in the Ga-substituted Ne glass spectrum such 

that it appears to be the dominant band. 

Although it has been reasonably well established that 

sodium aluminosilicate glasses having sufficient Na+ cations 

to charge balance Al3+ in tetrahedral coordination consist 

of continuous tetrahedral framework structures, it has been 

suggested (Waff, 1975; Kushiro, 1976, 1978; Mysen, 1976; 

Mysen and Virgo, 1978; Boettcher, 1981; Boettcher et al., 

1984) that some or all Al3+ in charge balanced 

aluminosilicate melt compositions at high pressures may have 

greater than 4-fold oxygen coordination. The larger size of 
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Ga3+ relative to Al3+ would make the gallium ions even 

greater candidates for higher oxygen coordinations, perhaps 

even in g 1 asses quenched at ambient pressure (Hess, 1980). 

A careful comparison of the Raman spectral features of the 

gallium and aluminum containing glass analogs (Figs. 29-31) 

indicates, however, that the Ga-containing glasses are 

structurally similar to their Al-containing counterparts. 

Al though band frequencies and relative intensities may be 

slightly affected by Ga for Al substitution, the appearance 

of new bands in the spectra of the gallosilicate glasses 

which might indicate new structural units is not observed • 

It may be inferred that the sodium gallosilicate glasses are 

essentially isostructural with their aluminosilicate 

counterparts and consist of interconnected T04 framework 

structures in which the Ga3+ ions are charge balanced in 

tetrahedral coordination by the presence of Na+ • 

Furthermore, it has recently been demonstrated that the 

coordination of Ga3+ does not change in glasses of NaGasi3o8 

and NaGaSio4 compositions quenched at 1 atmosphere and 25-28 

kbar (Fleet et al., 1984) • 
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c. Spectra of the Sodium Aluminogermanate and 

Gal logermanate Glasses 

I;; and I 1 spectra of glasses of xNaAlo2•(100-x)Ge02 

compositions, where x = o, 5, 10, 15, 20, 25, 33, 42, and 

SO, are presented in Figure 32. The frequencies and 

characteristics of the bands in these spectra are summarized 

in Table 13. The spectra of aluminogermanate glasses having 

compositions corresponding to albite (Al-Ge-Ab; NaA1Ge3o8), 

jadeite (Al-Ge-Jd; NaA1Ge2o6), and nepheline (Al-Ge-Ne; 

NaA1Geo4) are prese~ted in Figures 33-35 along with the 

spectra of their Ga for Al substituted counterparts. 

Features in the spectra of the sodium alumino- and 

gallogermanate glasses correspond closely to features in the 

spectrum of the endmember Geo2 glass (x = o, Fig. 32). This 

strongly indicates that both Al3+ and Ga3+ substitute for 

Ge4+ in the tetrahedral network and that vibrational modes 

responsible for bands in the Geo2 glass spectrum produce 

corresponding bands in the alumino- and gallogermanate glass 

spectra. Systematic variations in the frequencies of major 

bands in the spectra of the above glasses as well as a glass 

of 10NaGao2•90Geo2 composition are plotted in Figure 36 • 

All major features of the aluminogermanate glass 

spectra are preserved on Ga for Al substitution. The high 

frequency region of the gallogermanate glass spectra have 

lower intensities and are shifted systematically to lower 
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Figure 32. The polarized Raman spectra of glasses along the 
NaAlo2-Geo2 join. a) I;; spectra • 
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Figure 32. (continued) b) Ii Raman spectra of glasses 
along the NaAlo2-Geo2 join (intensities are xS relative to 
the I;; spectra). 
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Table 13 

-1 
Raman Frequencies* (cm ) of xNaAl02•(100-x)Ge02 Glasses 

x = 0 (Ge02) 340 w,(sh),pt 414 vs,p 'V518 w, (sh) ,p 558* w,(sh),dp 854 w,dp 970 vw,dp 

x = 5 348 w, (sh).p 428 vs,p 'V516 w,(sh),p 560 w,(sh),dp 854 w,d.,* 967 w,p 

x = 10 352 w,(sh),p 428 vs,p 'V522 w,(sh),p 560 w,(sh),dp 846 w,dp 952 w,p 

x = 15 'V354 w,(sh),p 436 vs,p 'V524 w,(sh),p 562 w, (sh) ,dp 842 w,wp 948 w,p 

x = 20 'V346 w,(sh),p 442 vs,p 'V522 m,(sh),p 560 w,(sh),wp 838 w,wp 942 w,p 

x = 25 (Al-Ge-Ab) 'V364 w,(sh),p 450 vs,p 'V524 m,(sh),p 576 w, (sh) ,wp 836 w,wp 938 m,p 

x = 33 (Al-Ge-Jd) 'V370 w,(sh),p 458 vs,p -v516 m,(sh),p 588 w,(sh),wp 834 w,wp 924 m,p 

x = 42 382 w,(sh),p 460 vs,p 'V518 m, (sh) ,p 594 w, (sh) ,wp 830 w,wp 914 w,p 

x = 50 (Al-Ge-Ne) 386 w, (sh),p 464 vs,p 'V518 m,(sh),p 604 w,(sh),wp 824 w,wp 910 w,p 

*Measurement accuracy ±10 
-1 for weak and broad bands, ±4 -1 and strong bands. cm cm for sharp 

t Abbreviations : w = weak, m = medium, s = strong, v = very, (sh) = shoulder, p = polarized, 
dp = depolarized, wp = weak polarized 

*Band positions in these columns estimated from 11 spectra. 
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Figure 33. The polarized Raman spectra (I;; and 11 ) of 
NaA1Ge3o8 (Al-Ge-Ab) and NaGaGe3o8 (Ga-Ge-Ab) glasses. 
Frequencies marked on the spectra indicate intensity maxima, 
shoulders, or distinct changes in slope. 
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Figure 34. The polarized Raman spectra (I;L and Ii) of 
NaA1Ge2o6 (Al-Ge-Jd) and NaGaGe2o6 (Ga-Ge-~a) glasses. 
Frequencies marked on the spectra indicate intensity maxima, 
shoulders, or distinct changes in slope. 
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Figure 35. The polarized Raman spectra (I{/ and r1) of 
NaA1Geo4 (Al-Ge-Ne) and NaGaGeo4 (Ga-Ge-Ne glasses. 
Frequencies marked on the spectra indicate intensity maxima, 
shoulders, or distinct changes in slope. 
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frequencies relative to the corresponding features of the 

aluminogermanate glass spectra. The high frequency 

polarized shoulders (~520 cm-1) of the dominant low 

frequency bands have higher intensities and appear at lower 

frequencies in the gallogermanate glass spectra relative to 

the corresponding bands in the spectra of the 

aluminogermanate glasses. These observations are consistent 

with those made above regarding the spectral changes 

occurring on Ga for Al substitution in the aluminosilicate 

glasses. In addition, the frequencies of both the shoulder 

appearing between 300 and 400 cm-1 and the depolarized bands 

between 500 and 600 cm-1 in the spectra of these glasses is 

strongly dependent on which of the T3+ cations is present • 

The frequencies of both bands are much lower in the spectra 

of Ga-containing g 1 asses than in the spectra of their 

Al-bearing counterparts (Fig. 36) • 

Binary alkali germanate glasses with low alkali contents 

have been shown by their physical and optical properties to 

contain 6-coordinated Ge cations without the formation of 

nonbridging oxygens (Murthy and Kirby, 1964). The Raman 

spectra of these glasses have subsequently been used to 

substantiate this structural interpretation (Verweij and 

Buster, 19797 Furukawa and White, 1980). The presence of 

non-tetrahedrally bound Ge and/or Ga in sodium alumino- and 

gallogermanate glasses has also been proposed to account for 

variations in densities and refractive indices of glasses in 
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these systems with changes in Na/Al (Ga) (Murthy and 

Scroggie, 1965; Murthy and Emery, 1967). Distinct minima in 

these properties at compositions in the Na2o-Ga2o3-Geo2 

system containing equimolar Na+ and Ga3+, however, indicate 

that a unique structural situation exists in those glasses 

(Murthy and Emery, 1967). The corresponding compositions in 

the Na2o-Al 2o3-Geo2 system fall at the edge of the glass

forming region so the minima in refractive indices and 

densities are not noted. These properties do, however, rise 

from the 1:1 Na:Al composition to maxima at Na>Al before 

falling at even higher Na2o contents (Murthy and Scroggie, 

1965). Riebling (1965) interpreted viscosity data of melts 

having compositions along the NaAlo2-Geo2 join as indicating 

the retention of network structures described in terms of 

interlinked Geo4 and Alo4 tetrahedra. Recent work by 

Capabianco and Navrotsky (1982), in which ideal mixing 

behavior has been noted for Ge and Si in glasses and 

crystals of Ab composition, also indicates the isostructural 

substitutuion of Ge for Si in tetrahedral coordination at 

this composition. 

There is no direct spectral evidence to indicate that 

the alumina- or gallogermanate glasses having Na/Al or Na/Ga 

equal to one contain higher than 4-fold coordinated Ge or 

Ga. Verweij and Buster (1979) interpreted features at 608 

and 648 cm-1 in the spectrum of crystalline 2Na2o•9Geo2 as 

being characteristic of the va8 (Ge-O-Ge) mode involving Geo6 
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octahedra. There exists no evidence of bands at these 

positions in the spectra of either the alumino- or 

gallogermanate glasses investigated in this study. Furukawa 

and White (1980) inferred the presence of Geo6 octahedra in 

alkali germanate glasses from frequency shifts of bands in 

the 800-1100 cm- 1 region with increasing alkali content. 

While shifts of bands in the high frequency region to lower 

frequencies are observed in the spectra of the alumino- and 

gallogermanate glasses with increasing Al or Ga contents 

(Fig. 36), they are much less than those observed by 

Furukawa and White (1980) for comparable compositional 

changes in the binary alkali germanate systems. Similar 

shifts of the high frequency features are observed in the 

alumino- and gallosilicate glass spectra with corresponding 

changes in composition (Figs. 29-317 Seifert et al., 19827 

McMillan et al., 19827 Virgo et al., 19797 Mysen et al., 

1980). These shifts likely reflect the effects of adding 

network forming cations (Al3+, Ga3+) to the Si(Ge)o2 

network, producing changes in mean T-0 bond strengths and 

T-0-T bond angles throughout the networks. On the basis of 

the above discussion it is concluded that Ga3+ and Al3+ both 

substitute for tetrahedrally coordinated Ge4+ in the 

germanate glass network when charge balanced by Na+. 

A qualitative comparison between the spectra of the 

alumino- and gallosilicate glasses (Figs. 29-31) and their 

germanate-based counterparts (Figs. 33-35) indicates a 
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similar structural relationship exists between the glasses 

in these systems as is present between the structures of the 

Sio2 and Geo2 glasses discussed above. The spectra of all 

the glasses presented contain a dominant strongly polarized 

1 ow frequency band having a high frequency shoulder whose 

intensity appears to be Al or Ga content dependent. Each of 

the spectra of the sodium aluminosilicates and their Ge for 

Si and/or Ga for Al substituted glasses retains the 

intermediate-frequency depolarized band characteristic of 

the sio2 and Geo2 g 1 ass spectra. Al so, the high frequency 

envelopes of the Ga and/or Ge-substituted glass spectra 

maintain the band shapes and polarization characteristics 

generally corresponding to those observed in the spectra of 

the aluminosilicate glasses. The major differences 

appearing between spectra of the silicate- and germanate

based glasses are the shifts in frequencies of certain 

features and narrower widths of features in the spectra of 

the germanate-based g 1 asses compared to corresponding 

features in the spectra of the silicate-based glasses. In 

general, however, there exists an excellent qualitative 

correspondence between features in the spectra of the sodium 

alumino- and gallosilicate and -germanate glasses presented 

here. 

The strong correlation between spectral features of the 

alumiosilicate glasses and their Ga for Al and/or Ge for Si 

substituted analogs is significant in that it confirms the 
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close structural correspondence between the glasses of these 

systems. While the 1 imi ted or complete isostructural 

substitution of Ga for Al and/or Ge for Si has been 

established for a number of crystalline aluminosilicates 

(Goldsmith, 1950; Kinomura et al., 1971; Gazzoni, 1973; 

Kroll et al., 1978; Calleri and Gazzoni, 1979; Capabianco 

and Navrotsky, 1982; Senderov et al., 1982), this structural 

correspondence has not been as well established for the 

melts and glasses of these systems. 

There are a number of advantages in using gallium 

and/or germanium substituted glasses as structural analogs 

for aluminosilicate melts and glasses. First, the melting 

temperatures and viscosities of high-silica aluminosilicate 

compositions are both quite high, making glass preparation 

or measurements of melt properties of these compositions 

difficult. Glasses of the corresponding germanate 

compositions, however, are relatively easily prepared by 

fusing the oxide components even at compositions close to 

pure Geo 2 (m.p. Geo 2 = 1115°c). Second, the Raman 

scattering intensities of germanate-based glasses are 

roughly 9 times those of the corresponding silicate-based 

glasses (Galeener et al., 1978), making Raman measurements 

of the germanate-based glasses relatively fast and easy. 

Finally, the distinctly different masses of Ga and Ge ions 

relative to Al and Si cause shifts in the frequencies of 
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features in the spectra which are useful in interpreting the 

vibrational spectra of the network aluminosilicate glasses. 

d. Structural Interpretation of Features in the Spectra 

of the Three Dimensional Tetrahedral Framework Glasses 

In the above discussion a structural relationship 

between the Sio2 and Geo2 glasses has been established on 

the basis of the correspondence between the features of 

their Raman spectra. This correspondence has also been 

shown to extend to major features in the spectra of 

tetrahedral network sodium aluminosilicate glasses having 

mineral-forming compositions, and their Ga and/or Ge 

substituted glass analogs (collectively referred to 

hereafter as the three dimensional tetrahedral framework, or 

TDTF glasses). The assignment of features in the spectra of 

the TDTF glasses, and the nature of vibrational modes 

producing them will now be discussed • 

The v 1 (A1 ) vibrational mode of tetrahedral 

molecules involves no cation motion and the frequency of 

this bond stretching mode therefore ref 1 ects the relative 

bond strength in the molecules. The frequencies of the v1 

mode for the Alc1 4- and Gac1 4- molecules in solution are 

essentially identical (348 and 343 cm-1, respectively), but 

significantly lower than the frequencies of the 
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correspondin9 modes of gaseous SiC1 4 and GeC1 4 molecules 

(423 and 397 cm-1, Nakamoto, 1978). It may be concluded 

that the Al-Cl and Ga-Cl bonds are of roughly equal 

strength, but are significantly weaker than either the Si-Cl 

or Ge-Cl bonds. Similar relationships are expected to hold 

for the relative strengths of the T-0 bonds in the TDTF 

g 1 ass networks. 

The dominant polarized low frequency band appearing in 

the spectra of all the TDTF glasses between 400 and 500 cm-1 

is clearly related to the vs(Si-0-Si) and vs(Ge-0-Ge) bands 

in the spectra of sio2 and Geo2 glasses. This band results 

from a delocalized vibrational mode involving the symmetric 

stretching of bridging oxygen relative to the nearly 

stationary tetrahedral cations. It is therefore referred to 

as the vs(T-0-T) band, where T may represent any combination 

of Si, Ge, Ga, or Al cations. It can be shown that the 

frequency of the vs(T-0-T) band in the spectra of glasses 

along the NaAlo2-Geo2 join originates at the position of the 

v5 (Ge-O-Ge) band at the Geo2-rich end, and increases more

or-less continuously with increase in the NaAl02 

concentration of the glass (Fig. 36). Because of the 

delocalized nature of the vibrational mode producing it, the 

frequency at which the vs(T-0-T) band appears in the 

spectrum of a TDTF glass is undoubtedly related to a number 

of factors, including the cation composition, the 

distribution of ring structures (Sharma et al., 1981, 1983), 
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and T-0-T bond angles (Sen and Thorpe, 1977; Galeener, 1979) 

in the glass network • 

Frequencies of the vs(T-0-T) bands are slightly higher 

in the spectra of Ga for Al substituted germanate glasses 

(Fig. 36, Table 13), perhaps owing to smaller T-0-T bond 

angles in the glasses containing larger T3 + species. 

Alternatively, ring distributions in the glass networks may 

be affected by the Ga for Al substitution, with the 

population of smaller rings enhanced by the presence of Ga3+ 

cations. Frequencies of vs (T-0-T) bands in the spectra of 

powdered Al-Ge-Ab and Ga-Ge-Ab crystallized from glasses 

(Fig. 37) are virtually identical and appear at essentially 

the same frequency as the vs(T-0-T) band in the spectrum of 

powdered Al-Si-Ab (Table 7). The large difference between 

the frequencies of the vs(T-0-T) bands in the spectra of 

crystalline and glassy germano-albite compositions indicates 

that the T04 ring structures in these materials are likely 

quite distinct. The germano-albi tes are structurally 

similar to the naturally occurring aluminosilicate feldspar 

(Goldsmith, 1950) and therefore consist of 4-membered ring 

units. The glass structure of this composition, however, is 

likely dominated by larger-membered (>4) rings • 

The low intensity bands appearing between 300 and 

390 cm-1 in the spectra of the sodium alumino- and 

gal logermanate glasses (Figs. 32-35) likely originate from 

the same vibrational mode as that producing the 340 cm-1 
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Geo2 glass band. As the 340 cm-1 Geo2 glass mode involves 

significant tetrahedral cation motion (Galeener et al., 

1983a), the frequencies of these modes in the TDTF g 1 asses 

are strongly dependent on the masses of the tetrahedral 

cations in the glass network. There is only a small mass 

difference between Ge and Ga atoms (73 vs. 70 amu, 

respectively). The reduction in the frequency of the 

340 cm-1 band of Geo2 glass in the spectra of glasses along 

the NaGa02-Geo2 join with an increase in the NaGao2 content 

therefore most 1 ikely reflects the effect of lowering the 

mean T-0 bond strength in the g 1 ass as a result of Ga for Ge 

substitution. Although a similar lowering of the mean T-0 

bond strength must al so exist in the al uminogermanate 

glasses with increasing NaAlo2 content, the effect of 

susti tu ting the much 1 ighter Al for Ge causes a shift of the 

340 cm-1 band of the Geo2 glass spectrum to higher frequency 

(Fig. 36). The corresponding low frequency bands in the 

spectra of the Sio2 and aluminosilicate glasses are likely 

buried by their much broader vs(T-0-T) bands • 

The high frequency polarized shoulder to the vs(T-0-T) 

band is common to the spectra of al 1 the TDTF g 1 asses. It 

appears likely that this band is related to the "defect" 

bands (at 606 and 518 cm-1) in the spectra of the sio2 and 

Geo2 glasses and in order to facilitate the discussion of 

these bands in the spectra of the TDTF glasses, they are 

hereafter also referred to as defect bands. The specific 
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nature of the vibrational mode producing these defect bands 

in the spectra of all the tetrahedral network glasses, 

however, remains to be clearly defined. In addition to the 

close correspondence between the frequencies of defect bands 

in the spectra of Sio2 and Geo2 glasses and those in the 

spectra of their sodium alumino- and gallo- substituted TDTF 

glass counterparts, evidence to indicate a common structural 

origin for this mode in all the glasses may be found in the 

effect of dissolved water content on defect band 

intensities. sio2 and Geo2 glasses containing small amounts 

of dissolved water have been shown to produce defect bands 

of lower intensities than are found in the spectra of their 

dry counterparts (Stolen and Walrafen, 19767 Galeener and 

Geils, 1977}. Similarly, intensity of the defect band drops 

significantly in the spectrum of Ab glass containing a few 

weight percent water as compared to the intensity of the 

same band in the spectrum of H2o-f ree Ab glass (Mysen et 

al., 19807 McMillan et al., 1983}. 

Galeener and Geisberger (1983} and Galeener et al • 

(1983a} found that the frequencies of defect bands in the 

spectra of the Sio2 and Geo 2 glasses are virtually 

independent of cation mass. However, the mass differences 

dealt with by these investigators was significantly smaller 

than the 43 amu difference between the masses of Al and Ga 

atoms. The frequency of the defect band in the spectra of 

the TDTF glasses is clearly dependent on the type of T3+ 
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cation present in the glass network and shifts to lower 

frequency (by rvl8 cm-1 ) on substitution of Ga3+ for Al3+ in 

the spectra of both the silicate- and germanate-based 

glasses. The combination of a Al(Ga) content-defect band 

intensity relationship and T3+ cation species-defect band 

frequency relationship appears to indicate that the TDTF 

glass structures producing the defect bands are in some way 

associated with the presence of the T3+ cations in the glass 

network. It is proposed that the defect bands in the 

spectra of all the TDTF glasses result from similar 

structures in the glass networks and that the types of 

tetrahedral cations in the networks must influence the 

frequencies of these bands to some extent • 

It is unlikely that the defect band in the framework 

aluminosilicate glass spectra results from Al-0-Al linkages 

as has been suggested by McMillan et al. (1982). These 

authors have proposed distinct bands in the spectra of the 

aluminosilicate glasses to account for the vs(Si-0-Si), 

vs(Al-0-Al), and vs(Si-0-Al) modes. Although the frequency 

of the defect band in the spectra of the alumino- and 

gallosilicate TDTF glasses correlates reasonably well with 

the frequency of the v 5 (Al-O-Al) band in the spectrum of 

CaA1 2o4 glass (rv560 cm-1 ; Mysen et al., 1981; McMillan et 

al., 1982), the defect band in the spectra of the germanate

based TDTF glasses appears at significantly lower 

frequencies (<520 cm-1 ). Furthermore, it is unlikely that 
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large numbers of Al-0-Al linkages exist in the 

alumiosilicate glasses having Al/Si < 1. The aluminum 

avoidance rule (Lowenstein, 1954) has been shown to be 

reasonably valid in anorthite and nepheline crystals even at 

high temperatures (Kempster et al., 19627 Megaw et al., 

19621 Foreman and Peacor, 19701 Smith, 1974). Finally, 

McMillan et al. (1982) proposed a vs(Si-0-Si) band buried on 

the lower frequency side of the dominant band in the spectra 

of aluminosilicate glasses. There is clearly no band in the 

spectra of the alumino- and gallogermanate glasses which 

might correspond to a distinct vs(Ge-O-Ge) mode. 

The intermediate frequency weakly polarized bands in 

the spectra of the TDTF glasses are related to the 

corresponding depolarized v 0 (Si-O-Si) and v 0 (Ge-O-Ge) 

features in the Sio2 and Geo2 glass spectra. The divergent 

frequency shift behavior of this band with compositional 

changes along the NaAlo 2-Geo2 and NaGao 2 -Geo2 joins 

(Fig. 36) indicates that its frequency is strongly dependent 

on the mean mass of the tetrahedrally coordinated cation, as 

wel 1 as on the mean T-0 force constant of the g 1 ass network. 

The intermediate frequency bands in the spectra of the 

silicate-based TDTF glasses do not obviously exhibit the 

same relationship with respect to Ga for Al substitution, 

but appear to decrease in frequency with decreasing sio2 

content along both the NaAlo2-sio2 and NaGao2-sio2 joins. 

In these glasses, changes in the mean T-0 force constant 
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with compositional changes may dominate the behavior of this 

band. The depolarized or weakly polarized nature of the 

intermediate frequency band supports its assignment to an 

antisymmeteric intertetrahedral deformation. mode, to which 

has been assigned the notation v 0 (T-0-T) • 

High frequency features in the spectra of crystalline 

and glassy silicate and germanate material are generally 

attributed either to the antisymmetric stretching (vas> 

modes of T cations relative to the bridging oxygens or to 

the symmetric stretching of nonbridging oxygen (NBO) bonds • 

As has been shown in chapter 7, the high frequency features 

in the spectrum of Al-Si-Ab glass cannot be attributed to 

NBO stretching. It is therefore highly unlikely that a 

significant number of NBO bonds exist in any of the TDTF 

glasses having just sufficient alkali cations to charge

bal ance Al3+ and Ga3+ in tetrahedral coordination • 

Virtually all intensity in the high frequency region of the 

TDTF glasses is attributed to the antisymmetric stretching 

modes of bridging oxygens relative to tetrhedral cations • 

The behavior of bands in the high frequency spectra of 

the TDTF glasses containing various cationic species is 

especially important because of its bearing on the 

controversy regarding the interpretation of corresponding 

features in the spectra of the TDTF aluminosilicate glasses 

(Seifert et al., 1982; McMillan et al., 1982; Sharma et al., 

1983; chapt. 7). It is expected that if more than two 
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components were involved in the production of the high 

frequency antisymmetric stretching envelopes of the TDTF 

glass spectra, evidence for their presence would be found in 

the high frequency antisymmetric stretching envelope 

contours for glass systems containing different cation 

species. Instead, the high frequency envelope contours in 

the spectra of all four different glass systems investigated 

consistently indicate the presence of only two dominant 

bands. Just as the antisymmetric stretching envelope in the 

spectra of the framework aluminosilicate glasses has been 

shown to be closely approximated by two Gaussian bands, the 

corresponding features in the spectra of the gallosilicate 

glasses may also be reasonably closely fit with two Gaussian 

bands (Fig. 38). High frequency features in the spectra of 

the germanate-based TDTF glasses (Figs. 32-35) also clearly 

consist of two predominant bands which, although not 

Gaussian in shape, remain distinct and shift continuously in 

frequency with compositional changes of the g 1 asses along 

the NaAl(Ga)o2-Geo2 joins (Fig. 36). Furthermore, any 

serious attempt at interpreting the high frequency features 

in the spectra of the TDTF g 1 asses must account for the band 

contours observed in both the I;; and I1 spectra • 

Polarization data of all the TDTF glasses investigated in 

this report support the existence of only two major bands in 

the high frequency spectra, one more strongly polarized than 

the other (Figs. 29-35). 
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The spectral effects of adding NaAl02 component to Geo2 

glass may be observed over the entire range from 0 to 50% 

NaAlo2 content (Fig. 32). Addition of even 2.5% NaAlo2 to 

Geo2 results in the enhancement of intensity at ~970 cm-1 

relative to that of the 854 cm-1 band in the I;; spectrum 

(Fig. 39). The 970 cm-1 band in the spectrum of pure Geo2 

glass has been assigned to the LO component of the 

vas (Ge-0-Ge) mode which splits into a TO-LO pair (Gal eener 

and Lucovsky, 1976a,b). As TO-LO mode splitting requires a 

certain degree of medium- to long-range order in the glass 

structure, it is expected that addition of a second 

component (e.g. NaAl02) should reduce the medium-range order 

in the glass and produce a decrease in the intensity of the 

LO component. The observed enhancement of intensity in the 

970 cm-1 region in the I;; spectrum of 2.5NaAlo2•97.5Geo2 

glass (Fig. 39) indicates that the substitution of Al3+ for 

Ge4+ in fourfold coordination produces a polarized band 

which is not necessarily related to the depolarized 970 cm-1 

Geo2 glass band. This proposition can be further supported 

by the fact that increasing the concentration of NaAlo2 in 

the glass causes an increase in the intensity of the higher 

frequency band near 970 cm-1 relative to that of the 

854 cm-1 band (Figs. 32 and 39). Furthermore, the band near 

970 cm-1 is polarized, whereas the band near 850 cm-1 is 

depolarized in the spectrum of Geo2 glass and only weakly 

polarized in the spectra of glasses containing a NaAlo2 
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component (Fig. 32). This is consistent with the observed 

polarization characteristics of corresponding bands in the 

spectra of the aluminosilicate TDTF glasses (Figs. 29-31). 

The polarization characteristics of bands in the high 

frequency spectra of the TDTF glasses may be explained in 

terms of the site symmetries of the T4+ cations in the 

framework structures. Herzberg (1945) discussed the 

significance of polarization characteristics of bands in the 

Raman spectra of isolated molecules. For linearly polarized 

incident light the depolarization ratio for a given band 

(p1 = I1 /I;;> is maximized at 3/4 for vibrations that are 

antisymmetric or degenerate with respect to any other 

symmetry element. Raman lines corresponding to totally 

symmetric vibrations can have depolarization ratios between 

0 and 3/4 and are termed "polarized". For molecules 

belonging to the cubic point, including those with Ta 

symmetry, the totally symmetric 1 in es are completely 

polarized and p 1 = o. As pointed out above, most of the 

Si 4+ and Ge4+ cations in pure sio2 and Geo2 g 1 asses 1 ikely 

maintain Ta site symmetry, and the v 3 (F) antisymmetric 

stretching mode of T04 molecules (vas(T04)) likely retains 

its F character even when the T04 units are bound in a 

tetrahedral network (Phillips, 1982). This is consistent 

with the observation of depolarized antisymmetric stretching 

bands in the high frequency spectra of the Sio2 and Geo2 
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glasses and the lack of polarized bands in this region 

(Fig. 28) • 

The addition of small amounts of NaAlo2 or NaGao2 to 

sio2 and Geo2 melts results in the formation of Si-0-Al(Ga) 

and Ge-0-Al (Ga) bridges, and consequently lowers the site 

symmetry of sio4 and Geo4 tetrahedra from Ta to c3 v in the 

network. This symmetry reduction at the tetrahedral cation 

sites probably produces the splitting of the triply 

degenerate vas(T04 ) F2 mode into A1 and E species, both of 

which are Raman and infrared active. Similar splitting of 

the vas<sio4) F mode into A1 and E species has been observed 

in the Raman spectra of Tio2-doped Sio2 glasses in which 

Ti4+ is fourfold coordinated and part of the network 

structure (Bihuniak and Condrate, 1981). The A1 mode should 

be polarized in the Raman spectra, and may therefore be 

assigned to the higher frequency component of the Vas 

doublet in the spectra of the TDTF glasses. This mode is 

similar to that proposed by McMillan et al. (1982) for 

aluminosilicate glasses in that it likely involves primarily 

Si(Ge)-0 stretching motion in a Si(Ge)-0(-Al(Ga)) linkage. 

It is important to note, however, that the Al(Ga)-0 bond in 

this 1 inkage retains a significant degree of covalent 

character (40% vs. 52% for the Si-0 bond; Smith, 1963) and 

the oxygen should not be considered a nonbridging oxygen as 

in Si (Ge)-0(-alkal i) 1 inkages. Because the Al (Ga)-0 bonds 

retain a significant bridging oxygen character, the 
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stretching mode of the Si{Ge)-0(-Al{Ga)) linkage really 

involves at least partially coupled motion of the Si(Ge)o4 

and Al(Ga)o4 tetrahedra. Consequently, this vibrational 

mode, although centered on the Si(Ge)o4 tetrahedra in TDTF 

glasses, is coupled through intertetrahedral linkages to the 

rest of the network and is therefore sensitive to structural 

parameters influenced by the glass composition. 

The lower frequency weakly polarized component of the 

antisymmetric stretching doublet in the spectra of the high 

Si(Ge)o2 content TDTF glasses is likely related to the E 

mode of the T04 unit whose site symmetry has been perturbed 

by the presence of an adjacent Al or Ga cation. The 

vibrational mode producing this band is likely dominatead by 

the stretching of Si(Ge)-0 bonds in Si(Ge)-0-Si(Ge) linkages 

in which the oxygen bridges identical cations. As is the 

case of modes producing the higher frequency component of 

the antisymmetric stretching envelope, this mode is 

partially coupled to those of the adjacent tetrahedra and 

its frequency is therefore sensitive to the glass 

composition. The weakly polarized nature of the lower 

frequency component of the antisymmetric stretching doublet 

in the spectra of the TDTF glasses indicates that the local 

site symmetries of at least some of the tetrahedra are lower 

than c3 v, causing further splitting of the E mode and 

resulting in loss of the depolarized character of this band • 
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Because no distinct third band is observed in the spectra of 

these g 1 asses, this splitting of the E mode must be smal 1 • 

At higher Al(Ga) contents (i.e. between the Ab and Ne 

compositions where Si(Ge)/Al(Ga) ranges from 3 to 1) the use 

of site symmetry arguments to describe the vibrational modes 

producing the antisymmetric stretching features in the 

spectra of the TDTF glasses becomes less useful. Assuming 

perfect ordering, a glass of Ab composition, or one of its 

atomic substituted counterparts, should have exactly one 

Si (Ge)-0-Al (Ga) bond per Si (Ge) o4 tetrahedron. Clearly the 

glassy state precludes the possibility of such order 

existing, and even at the Ab composition significant numbers 

of Si(Ge)o4 tetrahedra must have two or more Si(Ge)-0-Al(Ga) 

linkages, making distinctions between A1 and E modes of the 

Si(Ge)o4 units in the glasses less meaningful. It is clear, 

however, from the spectra of glasses along the NaAlo2-Geo2 

join, that the intensity and frequency variations in the 

antisymmetric stretching region of these spectra are 

continuous with compositional changes (Fig. 32). It may 

therefore be more informative to discuss the high frequency 

modes of the TDTF g 1 asses simply in terms of Si (Ge)-0 

stretches regardless of the nature of the other three 

Si(Ge)-0 linkages. In these terms, the higher frequency 

component of the antisymmetric stretching envelope should 

increase in intensity relative to the lower frequency 

component along the entire NaAl (Ga)o2-si(Ge)o2 join. This 
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is clearly observed in the spectra of the glasses along the 

NaAlo2-Geo2 join (Fig. 32). Persistence in intensity of the 

lower frequency component in the antisymmetric stretching 

envelope, even to the Al-Ge-Ne composition, indicates that 

the Si/Al ordering is far from perfect in these glasses and 

significant numbers of Ge-O-Ge linkages must remain. The 

apparent increase in intensity of the 1 ow er frequency 

component of the antisymmetric stretching envelope in the 

spectra of glasses along the NaAl o2-Geo2 join undoubtedly 

results from changes in the character of the Ge-O-Ge bonds 

with increasing NaAlo2 content in the glass • 

Continuous shifts of the antisymmetric stretch features 

in the spectra of the TDTF glasses to lower frequency with 

increasing Al(Ga)/Si(Ge) is consistent with a similar 

observation by Milkey (1960), who investigated the infrared 

spectra of a number of crystalline tectosilicates ranging in 

Al/Si from O to 1. Frequency shifts of features in this 

region with compositional changes likely result primarily 

from reduced mean T-0 bond strengths in the glasses with 

increasing Al or Ga content. As has been shown above, the 

Al(Ga)-0 bonds are significantly weaker than Si(Ge)-0 bonds 

in To4 tetrahedra and increasing concentrations of either 

NaAl02 or NaGao2 in silicate or germanate glasses must 

result in a decrease in the mean T-0 bond strengh in these 

materials. The frequencies of antisymmetric stretching 

vibrational modes centered on individual Si(Ge)o4 units but 

240 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

delocalized over a number of tetrahedral units in the glass 

network must be affected by changes in bond strengths 

resulting from cation substitution. The fact that 

substitution of Ga for Al in the aluminosilicate and 

aluminogermanate TDTF glasses causes the vas<T-0-T) bands in 

the high frequency region to shift toward lower frequencies 

indicates that the modes producing these bands involve some 

contribution from the motion of Al(Ga) atoms as well as 

contributions from the motion of Si(Ge) and O atoms. 

The intensities of the vas(T-0-T) bands relative to 

intensities of the vs(T-0-T) bands in the spectra of the 

gallosilicate and gallogermanate TDTF glasses are much 

weaker than the intensities of the corresponding bands in 

the spectra of the aluminosilicate and aluminogermanate 

g 1 asses. This effect has been discussed in the preceeding 

chapter regarding the intensity differences between 

antisymmetric stretching features in the spectra of the 

framework aluminosilicate glasses and those in the spectrum 

of Sio2 glass. It was shown that these intensity 

differences could be explained in terms of differences in 

bonding character between the Si-0 and Al-0 linkages. As 

the difference in the degree of covalency between the T-0 

bond (T = Si, Ge, Al, Ga) and the Si(Ge)-0 bond in a 

T-0-Si(Ge) linkage increases, the intensity of bands 

resulting from vibrational modes involving T-0 stretching 

motion increases, and vice versa. In the case where T = Si 
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or Ge, as in the single cation Sio2 and Geo2 glasses, the 

antisymmetric stretching modes are very weak (Fig. 28), as 

is expected due to the nearly identical nature of the T-0 

bonds in the bridges. However, the intensities of the 

antisymmetric stretching features relative to the symmetric 

stretching bands in the spectra of all the Al- and Ga

containing TDTF glasses are significantly greater, and the 

effect is greatest for the alumino-glasses (Figs. 29-35) • 

This observation is consistent with what would be predicted 

on the basis of Pauling's (1960) values for the relative 

electronegativities of si4+ (1.8), Ge4+ (1.8), Al3+ (1.5), 

and Ga3+ (1.6) ions, as well as with the approximate ionic 

character assigned to Si-0 (48%), Ge-0 (49%),Al-O (60%), and 

Ga-0 (57%) bonds (Smith, 1963) • 

CONCLUSIONS 

Major features in the Raman spectra of Sio2 and Geo2 

glasses correspond to similar vibrational modes in the 

structures of these materials. This finding cl early 

indicates that both sio2 and Geo 2 glasses consist of 

interconnected tetrahedra comprising 3-dimensional network 

structures. Narrower bandwidths in the spectrum of the Geo2 

glass relative to corresponding bands in the spectrum of 

Sio2 glass result from a smaller distribution in Ge-0-Ge 
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bond angles compared to the variations of the Si-0-Si bond 

angles in the structure of sio2 glass. The dominant 

strongly polarized low frequency band in the spectra of both 

glasses (437 and 414 cm- 1 in the Sio2 and Geo 2 glass 

spectra, respectively) has been assigned to the symmetric 

stretching mode of bridging oxygen relative to nearly 

stationary tetrahedral cations Cvs(Si-0-Si) and 

vs(Ge-O-Ge)). Polarized shoulders on the high frequency 

side of the vs(T-0-T) bands at 606 and 518 cm-1 in the 

spectra of the Sio2 and Geo 2 glasses, respectively, 

correspond to "defect" bands, and exhibit similar behavior 

in response to neutron irradiation, water content, and 

fictive temperature of the glass. Depolarized intermediate 

frequency bands ('V800 cm-1 in the sio2 and 558 cm-1 in the 

Geo 2 glass spectra) result from an intertetrahedral 

deformation mode, v 0 (T-O-T). The high frequency 

antisymmetric stretching Cvas> modes of the Sio4 and Geo4 

units are split into TO and LO components and appear as 

doublets in the spectra of both sio2 and Geo2 glasses • 

The Raman spectra of the sodium aluminosilicate glasses 

having Ab, Jd, and Ne compositions have been shown to have 

features analogous to those appearing in the spectrum of 

pure sio2 glass. Specifically, features in the spectra of 

the aluminosilicate TDTF glasses may be identified as 

vs(T-0-T), v0 (T-O-T), vas(T-0-T), and "defect" bands where T 

represents either si4+ or Al 3+. This correspondence between 
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features in the spectra of the Sio2 glass and the Ab, Jd, 

and Ne glasses indicates that these sodium aluminosilicate 

glasses consist of three dimensional tetrahedral framework 

(TDTF) structures in which the Al3+ replaces si 4 + in 

tetrahedral coordination and is charge balanced by Na+ • 

Features in the Raman spectra of the gallium for aluminum 

substituted analogs of Ab, Jd, and Ne glasses correspond 

closely to those in the spectra of the aluminosilicate TDTF 

glasses. It therefore appears that the sodium gallosilicate 

glasses maintain TDTF structures analogous to their 

aluminosilicate counterparts and the Ga3+ maintains 

tetrahedral coordinatiion in the structure of these glasses 

despite its considerably larger size than Al3+. Strong 

correspondence between features in the spectra of the 

alumino- and gallogermanate glasses having Al(Ga)-Ge-Ab, 

-Jd, and -Ne compositions and the spectrum of Geo2 glass 

indicates that these glasses maintain TDTF structures 

analagous to their silicate-based counterparts. The 

usefulness of Ga- and/or Ge-substituted glasses as 

structural analogs for aluminosilicate TDTF glasses is 

therefore established. 

High frequency antisymmetric stretching features in the 

spectra of the germanate-based TDTF glasses may clearly be 

interpreted in terms of two dominant bands whose positions 

shift to lower frequency with increasing Al(Ga)/Ge. By 

analogy, the corresponding features in the spectra of the 
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silicate-based TDTF glasses are also interpreted in terms of 

two predominant bands. The appearance of two bands in the 

antisymmetric stretching region of the TDTF glass spectra 

may be explained by the lowering of symmetry of the Si(Ge)o4 

tetrahedra from Ta to c3v or lower by addition of a Al (Ga)o4 

component. This is consistent with the observation that the 

higher frequency component of the antisymmetric stretching 

doublet on Al (Ga) content indicates that in this mode 

vasCSi(Ge)04) is more strongly coupled to vasCAl(Ga)o4) than 

the lower frequency component. Higher intensities of the 

antisymmetric stretching features relative to the vs(T-0-T) 

bands in the spectra of the alumino- and gallosilicate 

(germanate) TDTF glasses as compared to those in the spectra 

of the sio2 or Geo 2 glasses can not be explained by 

nonbridging oxygen contributions. Rather, the relative 

degree of covalency of the T-0 bonds in T-0-Si(Ge) linkages 

(T = Si, Al, Ge, or Ga) as compared to the Si(Ge)-0 bond 

must be invoked to account for intensity differences between 

the spectra of the various systems. The covalent character 

of the T-0 bonds in the glasses studied here increases in 

the order T = Al<Ga<Ge Si, explaining the lower intensities 

of the antisymmetric stretching bands in the spectra of the 

gallium-containing TDTF glasses relative to those of their 

aluminum-containing counterparts. The frequencies of both 

the vas envelope and defect bands are influenced by the 

masses of the T3+ cations in the glass network7 both appear 
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at lower frequencies in the spectra of Ga for Al subtituted 

glasses. Intensities of the "defect" bands are also related 

to the T3+ cation species, with greater intensities in the 

spectra of the glasses containing Ga3+ relative to those 

containing Al3+. This relationship may result from the 

relative sizes of Ga3+ and Al3+ • 
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CHAPTER IX 

RAMAN SPECTRA OF HIGH SILICA ALKALI SILICATE GLASSES 

INTRODUCTION 

Alkali silicate glasses, or at least those within a 

limited compositional range along the Li2o-, Na2o-, and K2o

Sio2 joins, have been extensively studied due to their 

applications in the glass and metal 1 urgical industries as 

well as in the study of geological melt systems. Phase 

relations in the high silica portions of the M2o-sio2 

systems (M = Li, Na, K, Rb, Cs) (Kracek, 1930; Alekseeva, 

1966) indicate that deviations from ideal mixing of the 

oxide components increase with decreasing alkali cation 

size. Differences in the position of the cristobalite 

liquidus with respect to modifying cation type have been 

attributed to differences in the cationic field strengths 

(Stoch, 1968) and ionization potentials (Hess, 1980) of the 

added cations. The presence of different cationic species 

has also been shown to have systematic effects on other 

physical properties of the Li2o-, Na2o-, and K2o-sio2 

systems, including activation energies of viscous flow 

(Bockris et al., 1955; Mackenzie, 1960), molar volume 

relations (Bockris et al., 1956; Charles, 1966), and thermal 
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expansions (Bockris et al., 1956; Bockris, 1959). 

Systematic changes in inf rared (Sanders et al., 1974) and 

Raman spectra (Brawer and White, 1975) have also been noted 

with respect to changes in the alkali cation type present in 

the glasses. Such physical and spectral differences likely 

reflect cation-dependent structural changes between the 

glasses of these systems. 

In general, silicate glasses have been proposed to have 

structural configurations based on two extreme cation 

distributions within the silicate network. A completely 

random modifying cation distribution would lead to a rapid 

destruction of the polymerized silica network with even 

small amounts of added cations because of the breaking of 

Si-O-Si bonds throughout the structure. A more 

heterogeneous distribution of alkali cations would likely 

lead to discrete anions (Mackenzie, 1960; Bockris et al., 

1956), silicate "icebergs" (Bockris and Reddy, 1970), or the 

sheets and chains characteristic of crystalline silicates 

(Endel l and Bel lbrugge, 1942; Virgo et al., 1980). While 

some of these models may explain, in a general way, the 

physical property changes in silicate melts or glasses 

caused by breakdown of the silicate network, they lack the 

ability to adequately explain subtle changes between systems 

caused by the presence of different alkali species. 

The distribution of alkali cations and their associated 

nonbriging oxygens (NBOs) in a silicate system mOy have an 
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important affect on the physical and spectroscopic 

properties of its melts and glasses. Recently DeJong et al • 

(1981) presented the results of theoretical and experimental 

investigations on silica rich alkali silicate glasses which 

indicated that Li and Na cations tend to distribute 

themselves bimodally among local silicon environments, (that 

is, form Sio4 uni ts containing two Si-0-Li + 1 ink ages) 

whereas K, Rb, and Cs exhibit more uniform distributions 

throughout the glass. Metastable immiscibility in the high 

silica regions of Li2o- and Na2o-sio2 glasses (Charles, 

1966; Haller et al., 1974) has been taken to indicate the 

tendency of the smaller alkali cations to distribute 

themselves nonuniformly in these systems (DeJong et al., 

1981). 

Laser Raman spectroscopy has been shown to provide a 

sensitive probe into the local structure of silicate glasses 

(e.g. Brawer and White, 1975; Virgo et al., 1980; Sharma et 

al., 1979, 1981; Sharma and Yoder, 1979; Phillips, 1982; 

Mysen et al., 1980). A systematic investigation has been 

made of the Raman spectra of M2o-sio2 glasses (M = Li, Na, 

K, Rb, Cs) at the high silica ends of the binary joins (~30% 

M2o). Systematic variations in the frequencies and 

intensities of spectral bands with respect to alkali content 

and cation type provide valuable information on the origin 

of those bands and the effect of cation size on the silicate 

structure. 
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SAMPLES 

Glasses of the compositions xM2o•ClOO-x)Sio2 CM= Li, 

Na, K, Rb, Cs) were prepared for x = 5, 10, 15, 20, 25, and 

30 from spectroscopically pure silica and alkali carbonates 

as described in chapter 6. In the case of cesium-containing 

glasses, cesium nitrate and excess ammonium carbonate were 

used to prepare oxide mixtures that were gently sintered 

over a burner in a platinum crucible before melting CKracek, 

1930). A summary of the preparation conditions and 

appearances for all the glasses used in this investigation 

is presented in Table 14 • 

RESULTS Am2 DISCUSSION 

Polarized Raman spectra are presented in Figures 40-46 

for pure sio2 glass CI;; and I1) and for silicate glasses 

CI;;> containing 5, 10, 15, 20, 25, and 30 mole percent M2o 

(M = Li, Na, K, Rb, Cs). Perpendicular polarized spectra of 

the alkali silicate glasses are not presented here as the 

major bands in the Raman spectra of these glasses are 

strongly polarized. Spectral band positions as well as band 

intensity, width, and polarization characteristics for all 

glass compositions investigated are presented in Table 15 • 

Bands appearing below 400 cm-1 in these spectra likely 
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Table 14 

• Compositions, Preparation Conditions, and Appearances of 
High Silica Alkali Silicate Glasses Used to Obtain Raman Spectra 

Time at 
Starting fusion fusion Quench 

Compos it ion Components Temp. ( "C) Temp. (Hr.) Method* Appearance** 

• SLi2 O• 95S i0
2 

Li2Co3+si02 1625 1. 0 w c 

lOLi20• 90Si0
2 

Li2co
3
+Si0

2 
1625 1. 0 w c 

15Li2 0• SSS i02 Li2co3+Si02 1550 1.5 A c 

20Li20•BOS i0
2 

Li
2

co
3
+Si0

2 
1500 1. 0 w c 

2SLi
2

0•75Si0
2 

Li
2

co3+si0
2 

1400 1. 0 w c 

30Li
2
0· 7 OS i0

2 
u

2
co

3
+Si0

2 1100 • 1. 0 w c 

5Na20•95Si0
2 Na2co3+Si02 1625 1. 0 w c 

lONa 2o• 90Si0
2 

Na
2

co
3
+Si02 1625 1. 0 w c 

15Na
2

o•BSSi0
2 

Na
2

co
3
+Si0

2 
1550 1.5 A c 

20Na2o•BOSi02 Na
2

co3+Si02 
1250 1. 0 w c 

• 25Na
2
0•75Si02 Na

2
co

3
+Si0

2 
900 1. 0 w c 

30 Na
2

0• 70Si02 Na2 co
3
+Si0

2 
950 1. 0 w c 

5K
2
0•95Si0

2 K2co
3
+Si0

2 
1625 1. 0 w c 

10K20•90Si02 K
2

co
3
+Si0

2 
1625 1. 0 w c 

15K
2

0•85Si0
2 K

2
co

3
+Si0

2 
970 1. 0 w c 

• 20K20•BOSi0
2 K2co3+Si02 1100 1. 0 w c 

25K
2

o•75Si0
2 K2C03+Si02 1100 1. 0 w c 

30K20·70Si02 K
2

co
3
+si0

2 
1100 1. 0 w c 

5Rb
2

0•95Si0
2 

Rb2co
3
+Si0

2 
1600 1.5 w c 

10Rb2 O• 905 i02 Rb2co
3
+Si02 1450 1. 5 w c 

• 15Rb
2
o•B5Si0

2 Rb
2 

co
3
+s10

2 1150 1.5 w c 

20Rb
2

0•80Si0
2 

Rb
2

co
3
+Si0

2 
900 1. 0 w c 

25Rb
2

0•75Si0
2 Rb2 co

3 
+S i0

2 
1050 1.0 A c 

30Rb
2

0•70Si0
2 

Rb
2

co
3
+Si0

2 
1200 1. 0 A c 

5Cs2o• 95Si02 Si02+CsN0
3
+(NH4) 2co3 1600 1.5 w c • 10Cs

2
0•90Si0

2 Si0
2

+CsNo
3
+(NH

4
) 2co

3 
1400 1. 0 w c 

15Cs
2

o•85S 10
2 

Si0
2
+CsN0

3
+(NH4) 2co3 

975 1.25 w c 

2ocs
2

o·BOSi0
2 Si0

2
+CsN0

3
+(NH4)

2
co

3 
1100 1. 0 w c 

25Cs
2

0•75Si0
2 Si02+CsN0

3
+(NH4 ) 2 co

3 1100 1. 0 w c 

30Cs20•70Si0
2 Si0

2
+csN0

3
+(NH

4
)

2
co

3 
1150 1.0 w c, brown tinge • 

*W • quenched by dipping preparation capsule in water; A • quenched by removal from 
furnace and being allowed to cool in air. 

**C • clear and bubble free . 
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Figure 40. The Raman spectrum (I;; and r1) of Sio2 glass. 
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Figure 42. Normal Raman spectra CI;;> of lOM20•90Sio2 
glasses. 
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Figure 43. Normal Raman spectra (I;;> of 15M2o·sssio2 
glasses. 
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Figure 44. Normal Raman spectra (I;;> of 20M2o·sosio2 glasses • 
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Figure 45. Normal Raman spectra CI;;> of 2SM2o·?Ssio2 
glasses • 
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Figure 46. Normal Raman spectra CI;;> of 30M2o•70sio2 
glasses • 
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lable 15 

Ramin Frequencies• (cm- 1) of High-silica •M 20· (lOO- •)SI02 Glasses Between 400 ind 1200 Clll- l 

x-0 437 vs,bd,pt 492 s(sh),p 606 w,p 797 m,hd,Jp - K.lO w(sh).p 1060 w,dp I 190 w,hJ,Jp 

x- s 
M-Li 442 vs,bd,p 490 m(sh),p 592 w,p - 796 m.lxl .Jp 932 vw,p 107K m,p -1166 w,dp 

Na 434 vs,bd,p 492 s(sh),p 598 w.p - 800 m.hd,dp 1096 m,p - 1164 lll(>h).p 
K 434 vs,hd,p 490 s(sh).p 596 m,p - 796 m.hJ .Jp 1100 s,p - 1160 m(sh).p 
Rb 440 vs.bd,p 490 s(sh),p 602 m.p - 804 m,hd,dp 11111 s.p - 1170 m( sh).p 
Cs ·444 vs,bd,p 492 s(sh).p 602 m,p - 800 m,hJ,dp I IOU s.p - 1166 m(sh).p 

x- 10 
M-1.i 440 vs,hd,p 490 w(sh).p 600 w(sh).p - 7911 m,hd,dp 950 w,p IOK4 m,p -1148 vw,dp 

Na 444 n,bd,p 492 m(sh),p 5911 w(sh).p - 794 111,bd.dp 948 vw,p 1094 s,p - 1160 111( sh).p 
K 4S2 s.hd.p 49K s(sh),p 600 m,p - 794 111 ,hd.dp 1104 s.p - 1160 111(sh).p 
Rb 450 s.hd,p 494 s(sh),p 602 m,p - 796 w,hd ,dp 1102 vs.p - 1162 sfsh).p 
Cs 448 s,bd,p 496 s(sh),p 600 m.p - 1102 w,hd ,dp 1100 vs.p -1162 s(sh).p 

x- IS 
M- Li 442 vs,bd.p 488 vw(sh),p 596 nl(sh),hd,p - 798 m,bd,dp 948 w,p IOKO m.p 

Na 454 vs,bd,p 516 m(sh).p 596 w(sh).p - 790 m,hd,dp 956 vw.p 1094 s.p - 1156 m(sh).p 
K 454 m(sh),p 5IO s,p 598 w,p - 790 w,bd.Jp 1104 s,p -11 511 m( sh).p 

~ Rb 504 s.p 600 m.p - 7KK w,htl,dp l ICJ2 s.p - 1164 m(sh).p 
U1 Cs SOO s,p 600 m,p - 71111 w,hd,dp 11198 s.p - 1162 111( sh).p \0 

x- 20 
M- l.i 456 vs,bd,p 492 vw(sh),p S94 s( sh ),hd,p - 798 m.hd.dp 948 m.p 1084 s.p 

Na 4S6 m(sh),p 524 s.p 596 w(sh),p - 790 m.bd,dp 956 w,p 1100 vs,p - 1144 m(shl.p 
K S22 vs.p 596 w,p - 776 w,hd.dp 950 vw,p 1106 vs.p - 1152 s(sh),p 
Rh 516 vs,p 596 m.p - 770 w.hd,Jp 942 vw.p 1100 vs.p - 1144 s(sh),p 
Cs 508 vs,p 596 s.p - 760 vw,bd,dp 940 vw,p 1102 vs,p -1146 s(sh).p 

x- 25 
M- Li 470 s,bd,p 552 s(sh),bd,p - 792 m,bd,dp 952 m,p 1082 s.p 

Na 544 vs.p 592 m(sh)p - 772 w,hd ,tlp 954 w,p I HNI vs,p -1134 m(sh).p 
K SJ2 vs,p 594 m,p - 764 w.hd,tlp 948 vw.p 1110 vs.p - 1142 s(shl.p 
Rb 526 s.p 594 s.p - 764 vw,hd.dp 942 vw.p 1106 vs.p -1140 s( sh).p 
Cs 506 s,p 596 s.p - 76K vw.hd,dp 932 vw,p 1100 vs,p - 1136 stsh).p 

x- JO 
M-Li 470 m,bd,p SSS s.hd,p - 788 w,htl dp 954 m.p I082 s,p 

Na SSll vs,p 590 m(sh).p - 772 w,htl dp 950 111.p 1104 vs.p 
K 542 s,p 588 s.p - 766 vw.l>tl.dp 938 w,p 1106 vs,p 
Rb 536 s,p 592 s.p - 770 vw,hd.dp 934 w,p 11114 vs.p 
Cs 524 s,p 592 s.p - 766 vw.hd,dp 928 w.p tlm vs.p 

• Measuremenl accuracy is :t IO cm - 1 for weak and hrnacl hands and ± 5 cm 1 for strong bands. 
t Ahbrevialions: w, weak; s, slrong; bd, hroad ; sh. shouliler; p. polari1eJ; dp, depolarize<!; v - very; m ~ medium. 
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result from low-lying optic and high-lying acoustic modes in 

the glass (~100 cm-1 ) (Shuker and Gammon, 1970, 1971), and 

from cation motion relative to the silicate network (100-

400 cm-1) (Etchepare, 1972). As such, they bear little 

silicate structural information and are not included in 

Table 15. Throughout the remainder of this chapter, 

references to percent alkali content will be in mole percent 

and references to alkali glasses will signify glasses along 

the M2o-sio2 joins. For example, 5% Li glass refers to a 

glass of 5Li2o•95Sio2 composition • 

a. Spectrum of Silica Glass 

The Raman spectrum of sio2 glass has been discussed in 

some detail in chapter 8 and is presented again here as 

Figure 40 for convenience. It is dominated by a broad, 

polarized v8 (Si-O-Si) band near 440 cm-1. A relatively 

sharp high frequency polarized shoulder to the vs(Si-0-Si) 

band (at 492 cm-1 ) may be associated with vibrationally 

isolated 4-membered rings of sio4 tetrahedra (Sharma et al., 

1981; Galeener, 1982a). A polarized band at 606 cm-1 has 

been attributed to defect structures consisting of partially 

broken Si-0 bonds {Bates et al., 1974) or to 3-membered sio4 
ring structures (Gal eener, 19 82 a, b). An intermediate 

frequency depolarized feature c~aoo cm-1) is likely related 
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to an intertetrahedral deformation mode and has been 

assigned the notation (Si-0-Si). weak, broad, depolarized 

high frequency features correspond to the transverse and 

longitudinal optic (TO and LO) components of the 

antisymmetric stretching mode of bridging oxygens relative 

to the silicon atoms (vas(Si-0-Si)) • 

b. Spectra of Alkali Silicate Glasses 

• As is evident from Figures 41-46, additions of even 

• 

• 

• 

• 

• 

• 

small amounts {~5%) of alkali oxides cause significant 

changes in the Raman spectra of the silicate glasses 

relative to the spectrum of pure silica glass, as well as 

distinct and systematic differences in the spectra of 

glasses containing similar amounts of silica, but different 

types of alkali cations. In order to emphasize spectral 

changes occurring in these glasses at low alkali contents, 

difference Raman spectra of glasses containing 5, 10, and 15 

percent M2o (M = Li, Na, K, Rb, Cs) in sio2 are presented in 

Figures 47-49. These difference spectra were produced by 

normalizing residual silica features (i.e. 440 cm-1 and 

800 cm- 1 bands) of the M 2o-sio2 glass spectra with 

corresponding bands in the pure sio2 glass spectrum, then 

subtracting the digital data point by point. The difference 

spectra are especially useful in the observation of subtle 
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Figure 47. Difference Raman spectra of 5% M2o in Sio2 
glasses • 
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Figure 48. Difference Raman Spectra of 10% M2o in Sio2 
glasses • 
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Figure 49. Difference Raman Spectra of 15% M2o in Sio2 glasses. 
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changes in the low frequency regions of high silica glass 

spectra caused by the addition of different alkali cation 

species. Alkali concentrations greater than 15% cause 

significant changes in the glass spectra, making 

normalization difficult and reducing the usefulness of 

difference spectra. 

Although there are distinct spectral effects due to the 

presence of different alkali species in these glasses, a 

number of features may be noted which are generally 

characteristic of the high silica binary alkali silicate 

glass spectra presented in Figures 41-46: 

1) Features characteristic of the Sio2 glass spectrum 

(440 cm-1 and 800 cm-1 bands) decrease in intensity with 

increasing alkali content. 

2) Intensities of sharp, polarized bands first 

appearing in the 500 cm-1 and 600 cm-1 regions of the glass 

spectra increase rapidly with alkali content. 

3) The band first appearing near 500 cm-1 shifts 

continuously to higher frequency with increasing alkali 

content, whereas the band near 600 cm-1 varies only slightly 

in frequency with changes in glass composition. These 

highly characteristic alkali silicate glass bands are 

referred to as the 500 cm-1 and 600 cm-1 bands in the 

remainder of this chapter, regardless of their exact 

positions (Table 15) • 
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4) A sharp, polarized band whose intensity is alkali

content dependent emerges at rvllOO cm-1 along with a high 

frequency polarized shoulder at rvll50 cm-1• The shoulder 

appears to decrease in frequency and/or intensity with 

alkali content and is not observed in 30% alkali glass 

spectra. 

5) A less intense, polarized high frequency band at 

rv950 cm-1 appears with increasing alkali content. The sharp 

high frequency bands appearing near 950 cm-1 and 1100 cm-1 

are characteristic of alkali silicate glass spectra and are 

hereafter referred to as the 950 cm-1 and 1100 cm-1 bands, 

despite some small variations that may be noted in the 

positions of these bands with differences in alkali content 

and type (Table 15). 

6) The position of the rvSOO cm-1 band gradually shifts 

to lower frequency with increasing alkali content 

(Table 15). 

A number of features in the spectra of lithium

containing glasses are distinctly different from those of 

the spectra of the other alkali silicate glass systems, and 

provide exceptions to certain of the above generalizations. 

In the 5, 10, and 15% lithium glass spectra, the intensities 

of both the 492 cm-1 and 606 cm-1 bands characteristic of 

the sio2 glass spectrum decrease, as indicated by negative 

intensities at those frequencies in the difference spectra 

(Figs. 47-49). The presence of water in silica glass has 
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been found to have a similar effect on the intensities of 

these bands (Stolen and Walrafen, 1976) • Instead of 

distinct 500 and 600 cm-1 bands, lithium glass spectra 

contain a broad feature first appearing as a shoulder at 

550 cm-1 and evolving into a distinct broad band in the 25% 

lithium glass spectrum (Fig. 45). 

Only a single band not characteristic of the Sio2 glass 

spectrum may be observed in the 1050-1200 cm-1 region of any 

of the lithium glass spectra. The broad, weak band at 

1170 cm-1 in the normal Raman spectra of the 5 and 10% 

lithium glasses (Figs. 41 and 42) was found to be residual 

intensity from the 1190 cm-1 silica band. This has been 

confirmed by noting that no enhanced intensity is present in 

this region in the difference spectra of these glasses 

(Figs. 47a-49a) from which silica glass spectral features 

have been subtracted out. Difference spectra of 5% Na, K, 

Rb, and Cs glasses (Fig. 47b-e), however, clearly exhibit 

additional intensity in the 1150 cm-1 region above that 

which could be accounted for by residual silica glass 

features. 

A number of spectral effects also appear to vary 

systematically with respect to the type of alkali cation 

present in the glasses. These effects are summarized as 

follows: 

1) Features characteristic of the Sio2 glass spectrum 

(440 cm-1, 800 cm-1 bands) persist to highest alkali 
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concentrations in the spectra of glasses containing lithium 

and are lost most rapidly in those containing cesium (Figs • 

41-46). For a given alkali content, silica features 

progressively decrease in intensity in spectra of glasses 

containing alkali cations in the order Li<<Na<K<Rb<Cs • 

2) In the spectra of glasses containing ~10% M2o, the 

positions of both the sharp bands at 492 cm-1 and 606 cm-1 

observed in the spectrum of silica glass remain nearly 

constant. The relative intensities of bands at these 

positions, however, exhibit decreases in the spectra of 

glasses containing Li 2 o and possibly Na 2 o, whereas 

intensities at those positions definitely increase in the 

spectra of glasses containing cs2o, Rb2o, and K2o in the 

order Cs>Rb>K (Figs. 47-49c-e) • 

3) For a given alkali content the relative intensities 

of both the 500 cm-1 and 600 cm-1 bands increase in spectra 

of glasses containing cations in the order Li(?)<Na<K<Rb<Cs 

(Figs. 41-46). 

4) For a given alkali content (>10% M20) the position 

of the 500 cm-1 band increases in frequency in spectra of 

glasses containing cations in the order Cs<Rb<K<Na<Li(?) 

(Tab l e 15 , Fig. 5 0 ) • 

5) Band widths appear to be increasingly broadened in 

spectra of glasses containing cations in the order 

cs~Rb~K<Na<<Li (Figs. 41-46). This effect has been 

previously noted and discussed in terms of differing degrees 
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of glass disorder with the presence of different alkali 

species (Brawer and White, 1975) • 

6) For a given alkali content the relative intensity 

of the 950 cm-1 band increases in the spectra of glasses 

containing cations in the order cs~Rb~K<Na<<Li (Figs. 41-

46). 

c. Assignment of Spectral Bands 

e The bands in the Raman spectra of Li-, Na-, and K-

• 

• 

• 

• 

• 

silicate glasses have been previously assigned by comparing 

the glass spectra with those of isochemical crystals (Brawer 

and White, 19751 Virgo et al., 1980). These assignments 

have been re-evaluated on the basis of observed systematic 

variations in their positions and intensities with changes 

in alkali content and type in the glasses. Conclusions have 

also been drawn regarding the localization of modes 

producing characteristic bands in the spectra of high silica 

alkali silicate glasses based on the behavior of those bands 

with increasing alkali contents of the glasses. 

On the basis of comparisons between spectra of 

crystalline alkali disilicates (M 2o•2sio2) and their 

isochemical glasses, the 1100 cm-1 band has previously been 

assigned to ·vibrations in the [si 2 o 5 ]n2- sheet unit 

characteristic of the disilicate crystal structures (Brawer 
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and White, 19757 Virgo et al., 1980). However, the 

1100 cm-1 band is also observed in spectra of silica rich 

glasses containing ~5% M2o, and its intensity increases 

without appreciable change in frequency as the alkali 

content of the glasses is increased. As extended sheet 

structures are unlikely to be present in glasses having low 

alkali contents (~5%), it may be more appropriate to 

attribute the 1100 cm-1 band to the stretching of a single 

NBO on a sio4 tetrahedron (vs(Si-0-)) resulting from the 

presence of network modifying cations. In the notation of 

Englehardt et al. (1975) this is the o3 species in which the 

subscript indicates the number of bridging oxygen bonds per 

Sio4 tetrahedron (Fig. 51). Furthermore, intense 

localization of the vs(Si-0-) modes yielding high frequency 

features in the calculated vibrational spectrum of Sio2 

glass has been noted by Bell and co-workers (1970) 

(Fig. 52). Although all nonbridging oxygens on which these 

investigators' calculations were based occurred at the 

surface of their model (free-end condition), they note that 

interior nonbridging oxygens would give rise to vibrations 

of identical nature. No inference can be made regarding the 

extent of polymerization of the silicate unit producing the 

1100 cm-1 band beyond the fact that three of the oxygens 

must be bonded to adjacent silicon atoms. Thus, a silicate 

sheet unit is capable of producing a band at 1100 cm-1 due 

to the combined vibrational contributions of each of the 
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Figure 51. 1 Silicate Q-species. Si-OSi indicates a bridging 
oxygen bond. Si-o- indicates a nonbridging oxygen bond • 
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tetrahedral units containing one NBO. However, isolated o3 

units formed by introduction of alkali cations into a 

polymerized network must also contribute to the intensity of 

the 1100 cm-1 band. 

Just as the 1100 cm-1 band has been shown to be 

characteristic of spectra of silicates having sheet 

structures, Brawer and White (1975) and Furukawa and White 

(1980) have shown that the 950 cm-1 band is characteristic 

of spectra of crystalline metasilicates (M 2o•sio2 ) 

containing chains of Sio4 tetrahedra. The appearance of 

this band in spectra of high silica (~90% Sio2 ) alkali 

silicate glasses, which are much too polymerized to allow 

formation of extended chain structures, indicates that this 

band is due to the localized vs(Si-o-) vibrational mode of 

units in which two NBOs are present on a single Sio4 

tetrahedron co 2 species: Fig. 51). Extended chain 

structures need not be present in the glass for observation 

of the 950 cm-1 band in the spectrum. 

The high frequency ("11150 cm-1) shoulder appearing on 

the 1100 cm-1 band in the low alkali glass spectra (~ 25% 

M2o where M = Na, K, Rb, Cs) has been previously observed in 

the spectra of 2K 2o•98Sio2 (Stolen and walrafen, 1976) and 

high silica Na2o-sio2 glasses (Mysen et al., 19807 Furukawa 

et al., 1981). This shoulder has been interpreted as being 

residual intensity from the 1190 cm-1 band characteristic of 

the silica glass spectrum (Mysen et al., 1980). However, 
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difference spectra of Na2o-sio2 g 1 asses (Figs. 4 7-4 9) 

indicate that the observed 1150 cm- 1 shoulder has 

significantly greater intensity than could reasonably be 

assigned to residual Sio2 glass spectral features. 

Furthermore, if the 1150 cm-1 shoulder were related to the 

Sio2 glass spectrum, one would expect to see a correlation 

between the intensities of this band and other bands (e.g. 

the 440 cm- 1 band) characteristic of the Sio2 glass 

spectrum. No such correlation exists. No indication of 

enhanced intensity near 1150 cm-1 may be noted in the 

lithium glass spectra, which retain 440 cm-1 band intensity 

to higher alkali contents than the spectra of glasses of the 

other alkali silicate systems. In contrast, the 1150 cm-1 

shoulder is quite strong in 15% K, Rb, and Cs glass spectra 

in which the 440 cm-1 band has become very weak. Addition 

of an M2o component to Sio2 glass should also cause a rapid 

decrease in the intensity of bands due to LO modes as the 

disorder of the glass structure increases. Assignment of 

the 1190 cm-1 band of sio2 glass to an LO mode is therefore 

consistent with the observed behavior of the band in this 

region of the 5 and 10% lithium glass spectra. 

It appears more likely that the 1150 cm-1 shoulder 

observed in the Na, K, Rb, and Cs glass spectra may be 

attributed to vibrations of a nonbridging oxygen (i.e. a o3 • 

species) which is structurally and vibrationally distinct 

from the o3 species producing the 1100 cm-1 band. This 
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interpretation is supported by the observations that (i) the 

polarization ratios of the two bands are roughly equivalent, 

and (ii) the rv1150 cm-1 shoulder appears to merge with the 

1100 cm-1 band at alkali contents approaching the disilicate 

composition. It therefore appears that there may be two 

distinct o3 sites in silica rich glasses containing alkali 

cations other than lithium. 

The 440 cm-1 band characteristic of the sio2 glass 

spectrum remains quite apparent in all of the 5% M2o glass 

spectra (Fig. 41) but its intensity decreases rapidly in 

spectra of glasses of progressively higher alkali content 

(Figs. 42-46). The rate of decrease in intensity of this 

band is strongly dependent, however, on the type of alkali 

present. Traces of the 440 cm-1 band are still observed in 

the 30% Li 2o glass spectrum and evidence of a band maximum 

in this region is observed at progressively lower alkali 

contents in the spectra of glasses containing larger alkali 

cations (15% Na2o, 10% K2o and Rb2o, and 5% cs2o). 

Bell et al. (1970) have shown, on the basis of 

calculations using a random network model, that sio2 glass 

spectral bands below 800 cm-1 result from relatively 

delocalized vibrational modes within the network (Fig. 52) • 

The observed intensity behavior of the 440 cm-1 band with 

increasing alkali content is consistent with its assignment 

to the v8 (Si-O-Si) vibrational mode (Galeener, 1979). This 

band is very characteristic of a fully polymerized three-
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dimensional silica network and its intensity would be 

expected to decrease as added alkali oxides break down the 

network by formation of nonbridging oxygens according to the 

equation: 

M20 + Si-0-Si = 2Si0-M+. (9) 

If this interpretation of the 440 cm-1 band is fundamentally 

correct, it must be concluded that regions of nearly pure 

silica-like structure persist in lithium glasses to 

relatively high alkali contents (2 30 mole %) and that the 

larger cations (i.e. Na, K, Rb, Cs) cause an increasingly 

rapid loss of this type of structure in proportion to their 

size. 

The sio2 glass spectrum contains two sharp, 

characteristic bands at 492 cm-1 and 606 cm-1. Two bands 

characteristic of the alkali silicate glass spectra (those 

referred to as the 500 cm-1 and 600 cm-1 bands) originate at 

or near those frequencies and grow rapidly in intensity with 

alkali content. As a result, it is not possible to 

distinguish from the spectra whether two, three, or four 

bands are present in this region of the high silica glass 

spectra. The 492 cm-1 band intensity decreases in spectra 

of the high silica lithium glasses (Figs. 41-46) relative to 

intensity of the corresponding features in the silica glass 

spectrum, but a feature apparently corresponding to the 

500 cm-1 band is observed in the spectra of glasses having 

higher lithium contents. This seems to indicate that the 
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492 cm-1 silica glass band and the 500 cm-1 band 

characteristic of the alkali silicate glass spectra are 

distinct. 

verweij and Konijnendijk (1976) assigned the 550 cm-1 

and 590 cm-1 bands (those presently referred to as the 

500 cm-1 and 600 cm-1 bands, respectively) in the Raman 

spectra of potassium disilicate and metasilicate glasses to 

characteristic vibrations of sio4 tetrahedra containing one 

and two NBOs, respectively. It should be noted, however, 

that both bands are of roughly equal intensity in the 

spectrum of potassium disilicate glass (Brawer and White, 

19757 verweij and Konijnendijk, 1976) and that the present 

data (Fig. 53) indicate that the 600 cm-1 band will have the 

greater intensity in spectra of Rb- and Cs-disil icate 

glasses. Present data also indicate that glass spectra 

containing the highest 600 cm-1 band intensities (K, Rb, and 

Cs glasses) tend to have the lowest 950 cm-1 band 

intensities (Figs. 41-47). Assignment of the 600 cm-1 band 

to vibrations of units containing two NBOs per sio4 

tetrahedron in the spectra of silica rich alkali silicate 

glasses is inconsistent with a similar assignment of the 

950 cm-1 band. As the latter assignment appears reasonably 

well established (as outlined above), it must be concluded 

that the 600 cm-1 band in the spectra of high silica alkali 

silicate glasses is not characteristic of a unit containing 

Sio4 tetrahedra with two NBOs (chain or independent ring?), 
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nor even from localized vibrational modes of a single 

tetrahedron containing two NBOs. Similarly, the 500 cm-1 

band is not characteristic of a unit containing sio4 

tetrahedra with one NBO (sheet?). As will be shown below, 

the 500 cm-1 band likely results from delocalized 

vibrational modes and therefore contains vibrational 

contributions from various types of silicate strucural 

units • 

In Figure 50 the positions of the 492-500 cm-1 and 606-

600 cm-1 bands have been plotted as functions of mole 

percent M2 o from the spectra of glasses containing 0-30% 

Li2o, Na2o, K2o, Rb2 o, and cs2 o. This plot emphasizes a 

number of important points regarding systematic frequency 

changes of these bands with changes in glass composition. 

Between 0 and 10% M2o content, the position of the 500 cm-1 

band exhibits no significant variation with regard to either 

alkali content or type. At compositions above 10% M2 o, 

however, the position of the 500 cm-1 band increases rapidly 

with alkali content. It is also apparent that the type of 

alkali cation present in the glass determines the amount of 

frequency shift at a given alkali content, with smaller 

cations producing larger effects. The position of the 

600 cm-1 band is apparently independent of alkali type in 

the 0-30% M2o composition range, and only weakly dependent 

on total alkali content. Its intensity, however, depends 

strongly on the type of alkali cation present. The spectra 
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of glasses containing alkali cations with larger ionic radii 

contain stronger 600 cm-1 bands (Figs. 41-46) • 

The dependence of the 500 cm-1 band frequency on both 

alkali content and type provides valuable insights into the 

nature of the vibrational mode producing it. The continuous 

shift in frequency of this band with compositional changes 

of the glasses (Fig. 50) must be ascribed to systematic 

structural variations caused by the addition of alkali 

cations. The cause of the observed general shift in 

frequency of the 500 cm-1 band with increasing alkali 

content is considered first, and then the effect of specific 

alkali cation type is discussed. 

As noted above, features in the calculated low 

frequency vibrational spectrum based on the random network 

sio2 glass model of Bell and co-workers (Bell et al., 1970; 

Bell and Dean, 1970) result from delocalized vibrational 

modes. Al so, imposition of the free-end condition on this 

model produces vibrations expected to be similar to those 

which would result from nonbridging oxygens associated with 

alkali cations on the interior of the structure (Bell et 

al., 1970). While these nonbridging oxygens produce a 

highly localized band in the high frequency region of the 

calculated vibrational spectrum due to the Si-NBO stretching 

mode, Si-NBO bending motion contributes intensity in the 

delocalized low frequency region (Bell et al., 1970; 

Furukawa et al., 1981). On the basis of calculated Raman 
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spectra of si2o5 sheet structures, Furukawa et al. (1981) 

have shown that normal modes producing strong bands in the 

1 ow frequency reg ion of the spectra have significant 

contributions from silicon, bridging oxygen, and nonbridging 

oxygen motions • It is not unreasonable to expect that 

nonbridging oxygen motion continues to contribute to 

delocalized low frequency vibrational modes in glasses of 

higher silica compositions containing insufficient NBOs to 

produce extended sheet structures. 

Silicon-NBC bond lengths in crystalline alkali 

silicates have been reported to be significantly shorter 

than silicon-bridging oxygen bonds in the same structures 

(Liebau, 19617 Pant7 19687 Pant and Cruickshank7 1968) and 

this relationship is expected to remain valid in glasses as 

well. Thus, increasing the concentration of nonbridging 

oxygen in the glass effectively shortens the mean Si-0 bond 

length and increases the vibrational force constant for a 

mode involving both bridging and nonbridging oxygen motion. 

Spectral bands resulting from such delocalized vibrational 

modes should increase in frequency as the number of 

nonbridging oxygens in the system increases. Within a given 

M2o-sio2 system, the frequency of the 500 cm-1 band must 

therefore reflect the extent of polymerization of the 

silicate structure. 

In addition to the general shift of the 500 cm-1 band 

to higher frequency with increasing alkali content, it is 
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evident that the 500 cm-1 band position is also dependent on 

the type of alkali cation present in the glass (Fig. 50) • 

The most likely explanation for the noted shift in this band 

position with alkali type is the effect of alkali size on 

the mean Si-0-Si bond angle in the silicate structure • 

Furukawa et al. (1981) have shown that low frequency band 

positions in spectra of disilicate sheets are dependent on 

Si-O-Si bond ang 1 es, with smal 1 er bond angles causing the 

low frequency bands to appear at higher frequencies. A 

value of 137° has been reported (Liebau, 1961) for the mean 

Si-0-Si bond angle in crystalline lithium disilicate sheets, 

and the corresponding value for the a-sodium disilicate 

structure is 149.5° (Pant and Cruickshank, 1968). Although 

the structures of crystalline potassium-, rubidium-, and 

cesium-disilicates have not been reported, it is anticipated 

that the mean Si-0-Si bond angles in these structures will 

increase due to reduced puckering of the silicate sheets 

with larger alkali cations (Liebau, 1968). Glasses with 

alkali contents much below the disilicate composition are 

unlikely to form extended sheet structures, but distortions 

of the silicate network are required to accomodate alkali 

cations and provide coordination polyhedra of oxygen atoms • 

While coordination polyhedra consisting strictly of NBOs 

would provide the best screening of the alkali cations and 

negative enthalpy of mixing (Hess, 1980: Charles, 1966), a 

random distribution of alkali cations throughout the 

282 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

structures of high silica glasses requires coordinations 

consisting largely of bridging oxygens. Distortions of 

silicate units immediately surrounding the alkali cations 

undoubtedly involve changes in Si-0-Si bond angles. Such 

Si-O-Si bond angle distortions caused by the presence of 

different metal oxides in silicate networks have been 

related by Charles (1969) to the tendency of these systems 

to phase separate • 

Molar volume data for alkali silicate melts (Bockris et 

al., 1956; Charles, 1966) indicate that much of the volume 

of the alkali ions is accommodated in free space in the 

silicate lattice. This should not, however, be taken to 

imply that addition of alkali cations does not distort the 

silicate network. For lithium compositions the overall 

volume of the melt actually decreases with increasing 

lithium concentration, implying that the silicate network 

collapses about the lithium ions on formation of nonbridging 

oxygens. Addition of Na 2 o yields a slight positive 

deviation in molar volume from that of pure silica, and K2o, 
Rb 2 o, and cs 2 o cause progressively larger positive 

deviations. Additions of Rb 2o and cs2o cause volume 

increases in silicate systems which are out of proportion 

with their ionic volumes (Charles, 1966). Clearly the 

presence of the different sized alkali cations in alkali 

silicate glasses must have distinctly different structural 

effects on the silicate network. 
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On the basis of crystal structure and molar volume data 

noted above, the mean Si-O-Si bond angles in high silica 

alkali silicate glass structures are expected to increase 

with the ionic radius of the alkali cation. The dependence 

of the frequency of the 500 cm- 1 band on cation type, 

therefore, probably reflects differences in the Si-0-Si bond 

angles of the silicate structures. The 500 cm-1 band 

appears at lower frequency in the larger alkali glasses 

because of the tendency of these alkali cations to have 

either little effect or to cause an expansion (and therefore 

an increase in Si-O-Si bond angle) of the silicate network • 

It is unlikely that the observed frequency difference in the 

position of the 500 cm-1 band with respect to alkali cation 

type results from differences in polymerization within the 

glasses of the various systems. Glasses containing 

equivalent numbers of alkali cations should also contain 

equivalent numbers of NBOs in their silicate networks. In 

addition, the relative intensities of the 440 cm-1, 

950 cm-1, and 1100 cm-1 bands indicate that there is little 

difference in alkali distribution between K, Rb, and Cs 

glasses whereas distinct and uniform differences appear 

between the 500 cm-1 band positions in the spectra of all 

the glasses. 

Determining the origin of the 600 cm-1 band is perhaps 

one of the more difficult problems in interpretation of the 

alkali silicate glass spectra. The relative insensitivity 
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of its frequency with respect to changes in both alkali 

content and type (Fig. 50) suggests that a localized 

vibrational mode is responsible for its appearance in the 

spectra, perhaps the same mode responsible for the 606 cm-1 

("defect") band in the spectrum of sio2 glass. Independence 

of this band's position from alkali type further indicates 

that the structure to which the vibrational mode is 

localized is the same in all glasses regardless of the 

alkali present. Al so, the pronounced alkali 

species/intensity relationship of this band (Figs. 41-46) 

indicates that for glasses containing between 0 and 30% M2o, 

the concentration of the structural feature responsible for 

this band increases with size of the alkali cation. 

If the 606 cm-1 sio2 glass band is assigned to a 

vibrational mode involving defects consisting of partially 

broken Si-O(bridging} bonds (Bates et al., 1974) and the 

600 cm- 1 band of the alkali silicate glass spectra may be 

assumed to result from the same structure, then the number 

of such defects present in the glass may depend on the 

ability of the silicate network to conform to 

conf igurational requirements of the larger cations. It is 

difficult, however, to imagine that the alkali silicate 

glass structures are capable of sustaining the number of 

defects responsible for the observed intensity of this band. 

Seifert et al. (1981) have shown that intensity of the 

600 cm-1 band in the spectra of Na2o·3.25Sio2 glass and melt 
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is a function of temperature, just as the 606 cm-1 band 

intensity has been shown to be temperature dependent in the 

spectrum of sio2 glass (Mikkelsen and Galeener, 1980). On 

this basis they have supported the assignment of the 

600 cm-1 sodium silicate glass band to the presence of 

defect ·structures whose concentration in the glass/melt 

increases with temperature. Seifert et al. (1981) maintain 

that even at ll00°c the concentration of such defects 

remains below 1%. 

There may be some justification for assigning the 

600 cm-1 band to the 3-membered ring structures which 

Galeener (1982b) has proposed to account for the 606 cm-1 

Sio2 glass band. From molecular dynamic calculations, 

Soules (1979) has also indicated that sodium silicate 

glasses may contain small (3 or 4 member) rings within their 

structures. The presence of 3-membered rings in glasses 

could also help account for the unexpectedly higher density 

of potassium tetrasilicate glass (2.384 g/cm3) relative to 

its isochemical crystal at 20°c (2.335 g/cm3) (Goranson and 

Kracek, 1932). The crystal structure of this composition is 

known to consist of 4- and 6-membered rings connected to 

form highly puckered sheets (Schweinsberg and Liebau, 1974) • 

To account for the 600 cm-1 band by the presence of 3-

membered rings, however, these structures must be somehow 

vibrationally isolated from the remainder of the silicate 

network in order to produce a distinct band. 
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If the 600 cm-1 band does, in fact, result from the 

presence of defects or small rings in the glass structure, a 

corresponding band should not be present in isochemical 

crystal spectra. The crystalline potassium disilicate 

spectrum is characterized by the presence of two strong low 

frequency bands matching closely the intensities of the 

500 cm-1 and 600 cm-1 glass spectral bands (Brawer and 

White, 1975; Verweij and Konijnendijk, 1976). However, 

separation of the bands in crystal and glass spectra do not 

closely correspond (30 cm-1 and 40 cm-1, respectively), and 

preliminary results indicate the presence of only one major 

band in the spectra of crystalline Rb and Cs disilicates 

(Fig. 53). The observation of two major bands in the low 

frequency region of the crystalline potassium disilicate 

spectrum may be caused by factor group splitting of the 

dominant band • 

The discussion of the origins of characteristic Raman 

spectral bands of high silica alkali silicate glasses may be 

summarized as follows: 

1) The 1100 cm-1 and 950 cm-1 bands result from Si-NBO 

stretching in Sio4 tetrahedral units containing one and two 

nonbr idg ing oxygens, respectively (03 and o2 species) • 

These vibrational modes are highly localized, and the 

observation of these bands in the glass spectra cannot be 

used to inf er the presence of extended sheet or chain 

structures. The 1150 cm-1 shoulder observed in the high 
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Figure 53. Comparison of the Raman spectra of powdered 
crystalline Rb- and Cs-disilicates with the spectra of their 
isochernical glasses • 
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silica spectra of Na, K, Rb, and Cs glasses likely results 

from a o3• species structurally distinct from the o3 species 

producing the 1100 cm-1 band. 

2) The 440 cm-1 band is characteristic of a fully 

polymerized 3-dimensional network and its presence in the 

high silica alkali silicate glass spectra indicates that 

regions of extended sil ica-1 ike structure are retained in 

these glasses • 

3) The 500 cm-1 band likely results from a highly 

delocalized vibrational mode of the silicate network to 

which both bridging and nonbridging oxygen motion 

contributes. As such, its frequency is sensitive to alkali 

content and the degree of polymerization of the silicate 

structure. 

4) The 600 cm-1 band has not been clearly 

characterized, but the relative insensitivity of its 

frequency to alkali content and type suggests that it 

originates from a localized vibrational mode. It may 

therefore originate from the same structure responsible for 

the 606 cm-l sio2 glass band. Neither partially broken 

bonds nor 3-membered rings have been eliminated as possible 

sources of this band • 
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d. Structural Interpretation of Spectral Features 

Specific structural information regarding local 

environments in silicate glasses must be determined from 

bands reflecting localized vibrational modes. Determination 

of the numbers of various Q-species within the glass must 

therefore be derived from intensities of the high frequency 

(900-1200 cm-1 ) bands characteristic of these species. The 

vasCSi-O-Si) bands characteristic of the o4 species are very 

weak in the Raman spectra of sio2 glass and are usually 

masked by the strong bands characteristic of vs(Si-0-) modes 

in the spectra of alkali silicate glasses. The existence of 

polymerized o4 species in the glass may, however, be 

inferred from the presence of the 440 cm-1 band which, 

al though due to a delocal ized vibrational mode, is highly 

characteristic of the three-dimensional sio2 glass 

structure. Absence of this band in a glass spectrum can not 

be taken to imply that o4 species do not exist in the glass, 

as it is only characteristic of an extended three 

dimensional network1 but its presence definitely indicates 

the presence of o4 species. The delocal ized nature of the 

vibrational mode producing the 500 cm-1 band does not allow 

inference of specific structural features in the glass but 

its spectral position is sensitive to the degree of 

polymerization of the silicate network. Finally, although 

the 600 cm- 1 band probably results from a localized 
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vibrational mode, and therefore contains valuable structural 

information, it is not certain whether defects or three-

membered ring structures (or both) contribute to the 

600 cm-1 band. 

Distribution of alkali cations, and consequently NBOs, 

in alkali silicate glasses may be inferred both from the 

intensities of the residual silica band at 440 cm-1 in the 

Raman spectra and from the relative intensities of the 

1100 cm-1 and 950 cm-1 bands corresponding to the o3 and o2 

species, respectively. Virgo et al. (1980) have proposed 

that for alkali silicate melts containing, on the average, 

~1 NBO/Si, the following disproportionation reaction may be 

applied: 

S . 0 2-
12 5 

(sheet) 

= ' 2- iO S103 + S 2 • (10) 

{chain) (3-D) 

The present data indicate that within the compositional 

range studied, the species present are a 3-D network 

(440 cm-1 band; o4 species), sio4 tetrahedra containing a 

single NBO (1100 cm-1 band in Li glasses, and 1100 cm-1 and 

1150 cm-1 bands in Na, K, Rb, and Cs glasses; o3 and o3 • 

species), and Sio4 tetrahedra containing two NBOs (950 cm-1 

band; o2 species). Results of the present study therefore 

generally agree with the conclusions reached by Virgo et al. 

(1980) as to the localized species present in high silica 

glasses. However, as discussed previously, the observation 

of 1100 cm-1 and 950 cm-1 bands is not sufficient proof for 
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the presence of extended silicate sheet or chain structures 

in the glasses. Also, it is evident from the present data 

that, for a given alkali concentration, the proportion of 

one Q species relative to the others is strongly dependent 

on the type of alkali cation present in the glass. Recall 

that those glasses having the highest 950 cm- 1 band 

intensity in their spectra also retain 440 cm-1 intensity to 

higher alkali contents. On this basis it appears that a 

more appropriate equation for the disproportionation of the 

alkali silicate glass structure must read: 

= • (11) 

DeJong et al. (1981) have studied the distribution of 

pairs of alkali cations about si2o7 dimer units using CND0/2 

calculations and concluded that lithium ions preferentially 

attach themselves to Sio4 tetrahedra already containing one 

or more Si-O-Li bonds. For glasses containing lithium, they 

determined that a o4-o2 distribution was more stable than a 

o3-o3 arrangement. Their calculations further indicated 

that Na-Na, K-K, Rb-Rb, and Cs-Cs interactions are 

increasingly repulsive under similar conditions. Subsequent 

Si KB x-ray emission analyses of alkali silicate glasses led 

DeJong et al. (1981) to conclude that lower molecular weight 

alkalis exhibit a bimodal distribution in the silicate 

network. On the basis of the Raman spectra presented in 

this report, it may also be concluded that smaller alkali 

species exhibit a greater tendency to cluster in pairs 
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around Si0 4 tetrahedra (i.e. to form o2 species 

characterized by the 950 cm-1 band) than do the larger 

alkalis. The spectra of all the glasses reported here, 

however, have greater intensities at 1100 cm-1 than at 

950 cm-1, indicating that o3 species are more abundant than 

the o2 species in all the silica rich alkali silicate 

glasses, irrespective of the type of alkali cations present. 

DeJong et al. (1981) also stated that although their 

instrument was incapable of resolving the o3, o2 , o1 , and Oo 

environments, they expect that a o4-o0 arrangement is 

preferred over a o3-o3 arrangement at higher lithium 

concentrations. Raman spectral bands characteristic of 3 

and 4 NBOs/Si (01 and o0 species) would be observed in the 

900-920 cm-1 and 850-880 cm-1 regions, respectively (Virgo 

et al., 19807 Sharma and Yoder, 1979). In the concentration 

range investigated in the present study, no spectral 

evidence was found for more than two alkali ions around a 

single Sio4 tetrahedron. This work therefore indicates that 

o4 , o3 , and o2 species are present in silica rich alkali 

silicate glasses, and that o2 species are relatively more 

abundant in glasses containing smaller alkali cations. 

However, o3 species appear in higher concentrations than o2 

species in all glasses investigated. 

Thermodynamic properties of high silica binary alkali 

silicate systems have previously shown that lithium and 

sodium ions tend to cluster in regions of relatively high 
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alkali content. Both the lithium- and sodium-silicate 

systems have metastable immiscibility regions which cause 

annealed glasses having compositions within these regions to 

separate two phases - one nearly pure Sio2 and the other 

relatively high in alkali content (Neilson, 1972; Tomozawa, 

1972). Electron microscopy has shown no evidence of phase 
0 • segregation (on a size scale of 50 A or greater) in annealed 

glasses in the K2o-, Rb2o-, and cs2o-sio2 systems (Charles, 

1966). The tendency of lithium and sodium ions to cluster 

even at temperatures above the immiscibility region in melts 

having low alkali contents is evident from the shapes of the 

liquid! of these systems at the high silica end of the joins 

(Kracek, 1930; Alekseeva, 1966). Experimentally determined 

liquidus temperatures of both lithium and sodium silicate 

systems deviate significantly from those calculated on the 

basis of ideal mixing behavior, whereas those of the other 

alkali silicate systems exhibit little or no such deviation 

(Stoch, 1968). 

Because the relative intensities of the 950 cm-1 and 

1100 cm-1 bands are indicative of the tendencies of the 

various alkali cations to cluster around sio4 tetrahedra, it 

may be tempting to use these bands to draw conclusions 

regarding the overall alkali distribution in glasses. The 

localized nature of the modes producing these bands, 

however, precludes such an application. It appears that 

Raman spectra of glasses taken before and after annealing 
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resulting in phase separation (Furukawa et al., 19817 White, 

1982) show that relative band intensities in the high 

frequency region of the spectra change very little. Thus, 

it seems that the distribution of local environments (i.e. 

04, o3 , o2 species) is independent of the large-scale 

clustering leading to phase separation. 

It is likely that the long-range alkali distribution in 

alkali silicate glasses may be inferred from the residual 

intensity of the 440 cm-1 band in spectra of the glasses 

because of the delocalized nature of the vibrational mode 

producing this band. The 440 cm-1 band is characteristic of 

the three-dimensional network structure, and its appearance 

in glass spectra indicates that relatively large regions of 

silica-like network must be present in the glass. A 

nonrandom distribution of nonbridging oxygens (and alkali 

cations) throughout the silicate network in high silica 

alkali silicate glasses would leave portions of the network 

with unaltered silica-like structure. The 440 cm-1 band 

intensity may therefore be related to regional alkali cation 

clustering tendencies in the alkali silicate glasses. On 

this basis the spectra indicate that lithium ions not only 

have a greater tendency to cluster around sio4 tetrahedra 

than the larger cations, but that they also retain the 

tendency toward regional clustering such as that required 

for phase separation, even at the temperatures from which 

the glasses were quenched. The decrease in 440 cm-1 band 
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intensity at a given alkali content in the spectra of 

glasses containing larger alkali cations suggests that the 

larger alkalis are more randomly distributed throughout the 

silicate structure. 

The observation of two bands not related to the sio2 

glass spectrum in the 1050-1200 cm-1 region of all high 

silica (~25% M2o) glass spectra (except those of the lithium 

silicate system) is interpreted as signifying the presence 

of two structural 1 y distinct NBO sites. o3 • sites 

containing NBOs responsible for the 1150 cm-1 shoulder 

either decrease rapidly in concentration or become 

indistinguishable from the 1100 cm- 1 o3 sites with 

increasing alkali content • The difference between 

frequencies of the two bands indicates that the o3 • species 

responsible for the 1150 cm-1 shoulder must have a slightly 

stronger (shorter) Si-NBO bond than the one producing the 

1100 cm-1 band • 

One can only speculate as to the structural distinction 

between the o3 and o3 • species, although a model has been 

proposed by Bockris and co-workers (1956), based on thermal 

expansion data of M2o-sio2 glasses, which might also account 

for the presence of two distinct o3 species in these 

glasses. Silica glass likely consists of a network of 

randomly oriented interconnected 4- and 6-membered ring 

structures similar to those found in crystalline Sio2 

polymorphs, although 3-, s-, and larger-membered rings are 
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possibly also present. Introduction of alkali cations into 

the sio2 network produces nonbridging oxygens that disrupt 

the continuity of the three-dimensional network. It has 

been shown (Bockris et al., 1956) that at high Sio2 

compositions the bridging oxygen bonds may be broken so that 

alkali metal ions remain surrounded by cages of Si-O-Si 

bonds. At higher alkali contents, even more bridging oxygen 

bonds are broken, and the cages are reduced to a more open 

structure. Each cage may contain one or more alkali 

cations, although the presence of more than one of the 

1 arger alkali cations in a cage may produce some degree of 

crowding which could, in turn, affect Si-NBC bond 1 engths. 

Presence of a single cation within a cage would allow the 

Si-NBO bond to relax to its natural equilibrium length. 

Subsequent addition of M2o beyond the amount required to 

maintain the cage structure (12-15%) (Bockris et al., 1956) 

would reduce the number of cages and allow progressively 

larger numbers of Si-NBO bonds to equilibrate. The absence 

of the 1150 cm-1 band in the spectra of the lithium glasses 

indicates that lithium cations are sufficiently small that 

the presence of more than one Li+ per cage does not cause a 

crowding effect • 

From the results of this investigation it is clear that 

the type of alkali cation present in binary alkali silicate 

glass systems significantly influences the silicate 

structural units of those systems. Consequently, it is 
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apparent that a model used to approximate the structure of 

one system may be inappropriate in describing another. As 

an example, Bockris and Reddy's iceberg model (1970) may 

provide a reasonable representation of the structure of 

silica rich lithium silicate glasses. These have been 

clearly shown to have a tendency to separate into regions of 

nearly pure silica (or silica "icebergs") and regions of 

much higher lithium content. A similar segregation occurs 

in the case of sodium glasses, although to a lesser extent. 

Even in the case of the lithium glasses, however, regional 

clustering is not strictly observed and some random lithium 

ion distribution must be present. On the other extreme, the 

rapid destruction of the Sio2 network structure in rubidium 

and cesium glasses appears to indicate that a model in which 

alkali atoms are randomly distributed fits these systems 

more closely. The low intensities of the 950 cm-1 bands in 

the spectra of glasses containing ~30% Rb2o or cs2o indicate 

that small amounts of localized alkali clustering are found 

in these systems as well. Clearly a single model is 

unsuitable for describing the silicate structures of all the 

binary alkali silicate glasses. The effect of alkali 

distribution, both on localized and regional levels, must be 

accounted for when interpreting the silicate structure of 

these glasses • 
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CONCLUSIONS 

High frequency (>800 cm-1) spectral features of high 

silica binary alkali silicate glasses are useful for 

interpreting the local distribution of alkali cations around 

Sio4 tetrahedra (i.e. o-species), but are apparently 

insensitive to a larger-scale alkali clustering such as that 

responsible for phase separation • The 1100 cm-1 band 

characteristic of all the binary alkali silicate glass 

spectra investigated, and the 1150 cm-1 shoulder observed in 

the Na, K, Rb, and Cs glass spectra likely result from 

Si-NBO stretching modes of two structurally distinct o3 

species present in the glasses at low alkali contents. The 

merger of these bands at 1100 cm-1 as the glasses approach 

the disilicate composition indicates that the o3 and o3 • 

structural sites become increasingly similar as the silicate 

network becomes depolymerized. The 950 cm-1 band is 

characteristic of the o2 species. By comparing the relative 

intensities of the 950 and 1100 cm-1 bands in the spectra of 

high silica alkali silicate glasses it has been shown that 

lithium ions have the greatest tendency to form o2 species 

at low alkali contents, and this tendency decreases with 

increasing alkali cation size. The absence of spectral 

bands characteristic of the o1 and o0 species indicates 

clustering is limited to two alkali cations per Sio4 

tetrahedron, at least below the disilicate composition. 
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Although the 950 and 1100 cm-1 bands are characteristic of 

crystalline meta- and disilicate spectra, respectively, the 

1100, 1150, and 950 cm-1 bands present in the glass spectra 

must result from localized vibrational modes. As such, 

these high frequency bands may not be used to infer the 

presence of silicate sheets or chains within the glass 

structures. 

The 440 cm-1 band is characteristic of the silica glass 

spectrum7 its presence in the spectrum of an alkali silicate 

glass indicates regions of extended three-dimensional 

network must remain within the glass structure. The 

observed marked dependence of intensity of this band on 

alkali cation type suggests that the alkali cations behave 

differently in terms of their long-range distribution in the 

silicate structures. Specifically, the smaller alkalis, and 

especially lithium, have a greater tendency to cluster into 

regions of the glass, leaving other regions with largely 

unaltered silica-like structure. Alkali cations having 

larger ionic radii exhibit a more random distribution 

throughout the silicate network. It may therefore be 

concluded that the tendency toward regional clustering 

resulting in phase separation in annealed lithium and sodium 

glasses must persist to some extent even at temperatures 

from which these glasses were quenched. Because of the 

differences in localization of the vibrational modes 

producing the 440 cm-1 band and the high frequency bands 
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characteristic of specific Q-species, distinct structural 

information can be obtained from the two spectral regions • 

Information from both spectral regions is required for 

realistic modeling of silicate structures in high silica 

glasses • 

Sensitivity of the 500 cm-1 band to alkali content 

indicates that this band may be attributed to a delocalized 

vibrational mode, and that its relative position is 

therefore indicative of the polymerization of the silicate 

network. The noted dependence of the 500 cm-1 band position 

on alkali cation type is interpreted as reflecting an alkali 

cation size effect on the silicate sturucture. The relative 

insensitivity of the 600 cm-1 band position on both alkali 

content and alkali type suggests that this band is likely 

due to a localized vibrational mode common to all the alkali 

silicate glasses with the posssible exception of those 

containing lithium. This band may be characteristic of 

vibrationally isolated defect structures or 3-membered 

rings • 
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