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Abstract.

This thesis is concerned with a study of the vibrational spectroscopy of two boron minerals, 

sinhalite (MgAlBOJ and danbuiite (CaBjSijOg), which are the analogues of the geologically 

important phases forsterite (MgjSiOJ and anorthite (CaAl^Si^Og) respectively. The work has 

been undertaken because these minerals are interesting from a crystal chemical point of view 

as they are analogues; to make a contribution to the understanding of the dynamic 

characteristics of the olivine and feldspar structures; and to provide the first thermodynamic 

data for these minerals. They occur in medium to high grade metamoiphic environments, but 

little is known about the behaviour of boron or phase relations between the boron minerals in 

these environments, (or indeed many other environments), and such thermodynamic data will 

help towards an understanding of the behaviour of boron under these conditions.

High quality polarised spectra of these two minerals have been collected using single crystal 

polarised reflectance infrared spectroscopy in the range 5000-100 cm'^ and single crystal 

polarised Raman spectroscopy in the region 1300-0 cm *. The excellent results produced by 

these techniques are far superior to those possible using powdered samples. In the sinhalite 

spectra, 31 of the 35 predicted infrared modes and 32 of the 36 predicted Raman modes have 

been observed and the majority of these have been assigned. Raman bands occur in the 750- 

700 cm * region. In the infrared spectra bands in this region are assigned to AlO^ modes, but 

this assignment is not possible for the Raman bands because Raman-active modes involving 

aluminium displacement are forbidden in sinhalite by symmetry analysis because aluminium 

occupies a centre of symmetry. An X-ray structure determination of sinhalite was carried out 

to check the previously published structure and the results are consistent with space group 

Pbnm, with aluminium lying on the centre of symmetry. The cell parameters were found to 

be a = 9.8819(4)Â, b = 5.6813(3)A, c = 4.3320(3)Â with V = 243.21(3)Al A detailed crystal 

chemical study has been carried out on four sinhalite samples, and the data indicates that two 

substitution mechanisms involving the octahedral cations occur. These are 3Mg # 2A1 + □  

which is the dominant mechanism, and Mg + Fe^  ̂ # A1 + Fê .̂

The polarised danburite spectra represent the first such spectra for any feldspar in which most 

of the optically active modes are observed, and hence are a significant advance over previous 

vibrational data. In the spectra 53 infrared and 63 Raman bands are observed out of the 57 and 

78 modes respectively predicted to be active, and most of these bands have been assigned.



The heat capacity and entropy of sinhalite and danburite have been calculated from the 

polarised spectroscopic data using in the lattice dynamics-based Kieffer model. The results are 

the first such data for these minerals. For danburite Cp and Sp have been calculated, but 

because no experimental thermal expansion or bulk modulus data exist for sinhalite, the values 

of Cy and Sy produced are considered to be the best predictions. The values of heat capacity 

and entropy of sinhalite and danburite produced by the Kieffer model are likely to be very 

reasonable predictions over the geologically relevent temperature range of 300-1000K.

Atomistic simulations of sinhalite have been run using the recently developed boron-oxygen 

interatomic potential BTHl. The results permit further assignments of experimentally observed 

infirared and Raman modes that cannot be assigned from analysis of the spectra alone, and 

provide considerable insight into the mixing between the various vibrational modes in the 

structure. The simulated heat capacity data (Cy) for sinhalite is in very good agreement with 

that calculated by the Kieffer model, which provides further support for this data.
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Chapter 1. The Geological Occurrence and Significance of Boron.

1.1. Introduction.

Boron is a rare element in the Universe, and has an Solar abundance of <2.8 normalised to 

10̂  Si atoms, compared with, for example 7.41x10^ for aluminium and 12.6 for zirconium, 

(Henderson 1982). This rarity is explained by consideration of the nucleosynthesis reactions 

thought to occur within stars which have been deduced by theory and spectroscopic analysis 

of stellar radiative emission. As stars mature, helium replaces hydrogen as the main fusion fuel 

and these He-buming reactions produce heavier elements such as beryllium, carbon and 

oxygen. *Be is produced in the He-buming process by a - a  impacts, but is very unstable, with 

a short half-life of 2 .6 x10  ’̂ s and is thought to undergo collisions with one extra a  particle to 

produce and y photons. Lithium, boron and beryllium are thus bypassed by stellar 

nucleosynthesis reactions, which is consistent with the low cosmic abundance of these 

elements. The small amounts of these elements which exist are thought to be formed by 

spallation, the breakdown of and resulting from high energy cosmic ray bombardment.

Boron is an incompatible element, being highly mobile in the presence of hydrous fluids and 

vapours. It has chemical characteristics similar to those of silicon and aluminium, for which 

it can substitute, or take the place of in analogue structures, and can occur in both three- and 

four-fold coordinations to form approximately planar triangles and tetrahedral anions 

respectively, usually coordinated with or also OH and less commonly with H^O in more 

hydrous minerals. There is a relatively large difference in the B-0 bond lengths in the two 

coordination states, with the average trigonal bond length being 1.38 A and the average 

tetrahedral length being 1.48 A. The minerals into which boron can commonly substitute and 

the boron analogue minerals are listed in Table 1.1.1. Because of charge equivalence, boron 

substitutes more easily for aluminium despite the large difference in ionic radii (B^*^ 0.25 

A, 0.53 A, Shannon 1976), for example in potassium and sodium feldspars.

Substitution for silicon requires additional, charge-balancing substitutions which reduces the 

thermodynamic favourability of the substitution. Despite its rarity boron is widely distributed 

in the lithosphere, hydrosphere and at least the upper mantle, occurring in a wide range of 

geological environments. Boron is of considerable importance in geology, and its behaviour



has been the subject of an increasing number of studies, especially in more recent years. It has 

two stable isotopes, and “ B, which have natural abundances of 19.7% and 80.3% 

respectively. The high abundance of both boron isotopes and the relatively high mass 

difference between them mean that boron isotopes and their fractionation trends offer 

considerable potential as tracers of geochemical processes, and the understanding of the 

fractionation of boron isotopes during geological processes is an area of ongoing research. The 

main geological occurrences of boron in minerals may be divided into four main categories: 

1 evaporitic deposits of hydrous, mainly Ca- and Na- hydrous borates; 2 hydrothermal deposits 

of boron scavenged from pre-existing minerals, 3 igneous and 4 metamorphic borate and 

borosilicate minerals. In addition boron may occur as a trace substitution for silicon or 

aluminium in silicate or aluminosilicate minerals (Table 1.1.1). The minerals which form the 

focus of the present study, sinhalite and danburite, are in the fourth category, occurring in 

metamorphic environments. Sinhalite and danburite are the boron analogues of the geologically 

important phases olivine (forsterite) and anorthite respectively.

Table 1.1.1. Boron analogue minerals and common boron substitutions 

in silicate, aluminosilicate and carbonate minerals.

Analogues

sinhalite MgAlB0 4 forsterite Mg2Si0 4

danburite CaB2Si2 0 g anorthite CaAl2Si2 0 g

reedmergnerite NaBSigOg albite NaAlSijOg

nordenskioldine CaSn(B0))2 dolomite CaMg(C03)2

Substitutions* (cation substituted by trace boron in boldface) 

sillimanite Al^SiO^

Phlogopite K2(Mg,Fe)6(Si6Al202o)(OH,F)4

Muscovite K2Al4(Si6Al202o)(OH,F)4

Plagioclase NaAISi3 0 g-CaAl2Si2 0 g

This is not an exhaustive list



Data on boron in rocks is still relatively rare, probably for two main reasons. Firstly boron is 

found in very low quantities in most rocks (Table 1.3.1), and secondly the main analytical 

tools used to determine the composition of materials in geological sciences - the electron 

microprobe and X-ray fluorescence - have been unable to detect elements with low atomic 

number such as boron until very recently. New electron microprobe detectors, which are 

becoming more widely available, are capable of detecting all elements except hydrogen and 

helium, and enable boron to be routinely analysed for.

1.2. Sedimentary environments.

The most important economic reserves of boron occur in sedimentary rocks. These deposits 

are either evaporitic, forming in enclosed, saline basins for example the Furnace Creek district 

of Death Valley, California USA (Erd et a i 1961), or secondary depositions of boron 

mobilised by hydrothermal systems, for example the Donnets Basin in the former USSR 

(Zaritskiy 1962). The borates are hydrous mainly Ca and Mg minerals and are based on 

polyanions containing usually between two and six boron atoms with some polyanions 

containing boron in both three- and four-fold coordination. These minerals, because of their 

economic importance have been relatively well studied and comprehensive classifications 

based on the structure and number of boron atoms in their polyanions have been published, 

(Christ 1960; Christ and Clark 1977). The phase relations of several groups of these minerals 

and parageneses observed in mines have been studied. A study of the value of for a

series of hydrous sedimentary minerals with the same geological origin (01 et a i  1989) 

showed that higher "B/°B  values occur in minerals which have higher BO3/BO4 ratios.

1.3. Igneous environments.

The boron content of various igneous rocks is summarised in Table 1.3.1. The influence of 

boron on the crystallisation of granitic bodies is amongst the best studied examples of the 

importance of boron in igneous processes. Experimental petrology has shown that addition of 

1 wL% B2O3 to a haplogranite melt (KjO-NajO-AljOj-SiOj) at temperatures corresponding to



crystallisation of boron-rich granite and pegmatite systems, (900-600°C) reduces the melt 

viscosity by two orders of magnitude. Addition of B2O3 also indirectly decreases melt viscosity 

by increasing water solubility in water-saturated melts, (Dingwell et al. 1992). The solidus 

temperature of the system Q-Or-Ab is lowered by 60°C on addition of 5 wt.% B2O3, 

(Pichavant, 1981). Boron partitions strongly into vapour phases and possibly influences melt- 

vapour-mineral equilibria in granitic systems, and also the mobilisation of economic elements 

such as Sn, W, Cu and U. The most important repository for boron in granitic bodies is in the 

complex borosilicate tourmaline, and the crystallisation of this phase probably exerts a 

considerable influence on processes operating within them. An example is provided by the 

layering in the Harney Peak granite in South Dakota, (Rockhold et al. 1987). This Proterozoic 

intrusion contains prominent textural and mineralogical layering which comprises alternating 

fine-grained and pegmatitic granites. Within the fine-grained layers is fine scale (0.1-5 cm) 

rhythmic layering defined by modal differences in tourmaline, microcline, albite and 

muscovite. Tourmaline-rich layers contain microcline, quartz and albite and have higher B2O3, 

whereas tourmaline-poor layers consist of albite, quartz and muscovite. It has been suggested 

by Rockhold et al. (1987), that initial cotectic crystallisation of Ab+Qz4-Musc increased Fe 

and Mg activity in the melt sufficiently to crystallise tounnaline. The resulting boron depletion 

decreased water solubility in the melt, causing exsolution of water and further boron depletion 

and a slight increase in the solidus which promoted alkali feldspar crystallisation partly at the 

expense of muscovite. Crystallisation of albite, quartz and muscovite resumed after the 

crystallisation front had moved to an Fe and Mg-poorer region of the melt.

Kimberlites are noted to have amongst the highest boron contents of crustal rocks, with a 

mean value of 190 ppm reported for 226 samples from Siberia (Cherepanov 1967), (Table 

1.3.1). Some of these kimberlite samples contained datolitejand danburite and have boron 

contents reaching 930 ppm. |CaB(0 H)Si0 4

Basic rocks generally contain low levels of boron when fresh, with values of around 0.5-3 

ppm for basalts and gabbros and higher values for picritic basalts of 2 0  ppm reported, 

(Cherepanov 1967). The boron content of basic rocks is closely related with the degree of 

alteration. For example, analyses of fresh Mid Ocean Ridge Basalt (MORB) glasses gave 0.5 

ppm, whereas slightly serpentinised samples gave 5-30 ppm, (Jonasson et al. 1989). Highly 

altered and metamorphosed samples contain less boron which indicates that boron is highly 

mobile during metamorphism after the breakdown of serpentine. Boron isotope studies of the



same rocks (Jonasson et al. 1989), indicate that boron is a sensitive indicator of magmatic 

processes and contamination in subaxial magma chambers. The ratio increases from

3.85-4.06 in glasses to 3.97-4.10 in altered lavas and there is a correlation between increasing 

and increasing *^Sr/“ Sr in progressively altered glasses. Alteration has involved 

interaction with ocean water at temperatures of several hundred degrees Celsius, and the 

pristine glasses have become contaminated with the ocean water boron isotopic composition 

which is relatively enriched in "B. The "B/‘®B ratio for mantle boron has been determined as 

3.98 (Malinko et al. 1984).

Boron levels in pumice and finer pyroclastics from Vesuvius appear to correlate with magma 

repose times, with a relatively high average level of 20 ppm in the AD 79 eruption products, 

which had undergone a lengthy repose period since the previous major eruption of 3500 BC. 

The AD 472 emption products contained on average only 8 ppm boron, (Truscott et al. 1984).

TaUe 1.3.1. Boron contents of some igneous and metamorphic rock types.

Rock type Boron content (ppm) Reference

Kimberlite (Siberian, 226 samples) 190 1

Kimberlite (World average) 36 1

Meimechite (70 samples) 45 1

Ultramafic rocks (World average) 7 5

Granulite (55 samples) <0.1-14 4

Peridodte (partially serpentinised) 28 5

Serpentinite 51 5

Picritic basalt 20 1

Polyphyric basalt 10 1

MORB (fresh glass) 0.5 2

(partially serpentinised) 5-30 2

Basalt (33 samples) 1.5 1

Gabbro (11 samples) 3 1

Andésite 9.1

Granite 3 3

Rhyolite 33

Nq)heline syenite 3 3

1: Cherepanov (1967), 2: Jonasson et o/.(1989), 3: Middlemost (1985), 4: Truscott et ai 1986 5: Hovorka 

and Kubova (1978)



1.4. Metamorphic environments.

In metamorphic rocks, boron is often associated with secondary, often hydrous breakdown 

products such as serpentine sericite, and chlorite. It occurs in skam environments and in high 

grade environments such as middle-upper amphibolite and granulite facies terrains under 

conditions of high temperature and low pn^o, occurring in chemically and structurally complex 

borosilicate minerals or substitutionally in sillimanite. It is noticed that boron only enters the 

siUimanite^^^^^when there are no associated boron minerals. Many of the rarest and some 

of the most complex boron minerals occur in metamorphic rocks, and the importance of boron 

has been demonstrated in a number of studies; however the phase relations of these boron 

minerals and their reactions between one another and between coexisting phases have yet to 

be investigated in detail. Once again, tourmaline is the most important boron phase and will 

be the dominant control on boron levels in fluids. It occurs in rocks from zeolite to upper 

amphibolite and perhaps even granulite facies, often in abundance in mafic systems. 

Experimental studies indicate that tourmaline crystallisation is strongly pH- and temperature- 

dependent, with crystallisation favoured in slightly acidic fluids (pH^ 6 .0 ), requiring higher 

concentrations of to crystallise in less acidic fluids, and is unstable in alkaline fluids (pH 

>6.5) at any concentration of B^Og, (Morgan and London 1989). At 600®C with Q.5-1.0 wt.% 

B2O3 and suitable pH, hornblendes and Ca-plagioclase reacted to give tourmaline, danburite, 

clinopyroxene and quartz, however danburite is an uncommon mineral in metamorphosed 

mafic rocks. Tourmalinisation sometimes associated with amphibolites, which is produced by 

the decomposition of hornblende and plagioclase, has never been observed to include 

danburite.

Boron commonly substitutes for aluminium in white micas, and their breakdown during 

prograde reactions is important for releasing boron into metamorphic fluids. For example at 

Notch Peak, Utah, USA where boron correlates well with aluminium in rocks in a contact 

aureole, and corrolates strongly with the disappearance of phlogopite at the diopside isograd. 

Boron concentrations in these rocks are insignificant at higher grades, (Nabelek and Denison, 

1990).



l.S. The occurrence of sinhalite and danburite.

Although boron is considered to have an important influence on the behaviour of certain 

geological systems, in particular via its action as a flux which depresses melting points in 

granitic intrusions, and as a possible trigger to crustal anatexis in high grade metamorphic 

terrains, little is known about the rare borate and borosilicate minerals which occur in these 

environments, their stability fields, and phase relations with one another or between them and 

members of their silicate and carbonate parageneses. These minerals are likely to be of 

geological significance because together with tourmaline they represent the main source of 

boron in many igneous and metamorphic systems (excluding influx of boron in aqueous 

fluids). Of these borate and borosilicate minerals, only tourmaline has been well-studied at the 

present time.

Accordingly, two boron minerals from metamorphic environments, sinhalite and danburite 

have been studied by single crystal infrared reflectance spectroscopy and polarised Raman 

spectroscopy. Sinhalite and danburite occur in medium to high grade metamorphic 

environments and, although rare, are the analogues of geologically important silicates. Little 

is known about their phase relations, and a summary of the available information is given 

below.

Sinhalite is the isostructural boron analogue of forsterite. It has been reported from several 

skam formations in which calcareous protolith of various metamorphic grades has been 

thermally metamorphosed by contact with intrusive bodies (Schaller and Hilderbrand 1954; 

von Knorring 1968) and is also reported from regional granulite facies metamorphic rocks 

(Malinko et al. 1986). It is commonly brown, yellow or green and less commonly colourless 

and resembles silicate olivine both in hand specimen and thin section. It may be distinguished 

from silicate olivine by its smaller negative 2V angle (average 55°, (Claringbull and Hey 

1954) compared around 90° for silicate olivines), and low totals in (reliable) electron 

microprobe analyses. Sinhalite is often associated with other borate minerals, usually 

serendibite ludwigite, tourmaline warwickite and less often grandidierite, datolite, suanite, 

szâjbelyite. The stability field of sinhalite has been investigated (Werding et al. 1981) in a 

series of synthesis experiments in which sinhalite was produced from unseeded runs at 

temperatures and pressures between 300-800 °C at 3-6 kbar and in one run at 900°C at 20 

kbar.



Danburite is the nonisostructural boron analogue of anorthite. Danburite is less well known 

than sinhalite, and has been described from skams in association with datolite (Malinko et al. 

1984), in kimberlites associated with datolite (Cherepanov 1967), and in xenoliths in andésite 

as a late-stage, cavity-filling phase, again associated with datolite (Ôemÿ et al. 1973). 

Danburite has been synthesised in experiments on mafic compositions at middle and upper 

amphibolite grades (Morgan and London 1989).

The present study focuses on detailed single crystal polarised vibrational investigations of 

sinhalite and danburite. These phases are of interest from a crystal chemical point of view 

because they are the boron analogues of forsterite and anorthite respectively. Sinhalite has the 

lowest molar volume of any olivine, and danburite one of the smallest of the feldspars since 

boron is the smallest cation to occur in tetrahedral coordination. The occurrence of boron in 

danburite in place of aluminium in anorthite increases the symmetry fiom triclinic to 

oithoihombic. The study of danburite has thus resulted in a significant increase in the 

understanding of the vibrational behaviour of feldspars since the higher symmetry of danburite 

separates the vibrational modes into a greater number of polarisations, while the low symmetry 

of the cation sites in the structure removes the degeneracy of the modes and hence far more 

bands can be observed in the spectra of danburite than in those of anorthite.

Detailed knowledge of the vibrational properties of boron minerals is limited, and the present 

work on sinhalite and danburite represents the first major vibrational study of members of this 

interesting, but little-known group of minerals. Both sinhalite and danburite contain 

tetrahedrally coordinated boron, sinhalite is an orthoborate with discrete BO4 units and 

danburite is a three-dimensional BO^-SiO^ framework, and the vibrational characteristics of 

the BO4 group in these structure types is clearly shown by the polarised spectra. Such 

vibrational data represents one of the first steps in the understanding of boron in minerals, and 

ultimately in geology. Once the BO4 and BO3 groups have been characterised by studies of 

relatively simple structures such as sinhalite, it will be possible to go on to tackle more 

complex phases.

At present there is very little thermodynamic information available for boron minerals. One 

of the main uses of vibrational data is for the calculation of thermodynamic properties via the 

lattice dynamics-based Kieffer model (Kieffer 1979c, 1985). High quality vibrational data such 

as that obtained for sinhalite and danburite have been shown to produce very good heat
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capacity and entropy data for silicate olivines (Hofmeister 1987), and similar use of polarised 

spectra of boron minerals can make a significant contribution to knowledge of their 

thermodynamic properties. When data exists for enough boron minerals, it will be possible to 

their determine stability relations and their role in the processes which occur in their formation 

environments.

The arrangement of this thesis is as follows; the principles of the theory of vibrational 

spectroscopy and the thermodynamic models used in this study are described in Chapter 2. 

The following three chapters deal with sinhalite. In Chapter 3 an X-ray structure determination 

and detailed crystal chemistry study are presented, in Chapter 4 the results of single crystal 

polarised infrared and Raman studies of sinhalite are given, and this data used in the Kieffer 

model to calculate heat capacity and entropy of this mineral. Atomistic lattice dynamic 

simulations of sinhalite with the aim of enabling further insight in the lattice vibrations and 

thermodynamic properties are presented in Chapter 5. The results of the polarised infrared and 

Raman study of danburite are described in Chapter 6 , and finally in Chapter 7, the results of 

this study are evaluated and suggestions are made for further directions of investigation which 

would help to lead to better understanding of the geochemical behaviour of boron.



Chapter 2. Introduction to Vibrational Spectroscopy.

2.1. Introduction.

The properties of mineral structures at the atomic scale ultimately determine their physical and 

chemical behaviour and stability in different geological environments. The study of minerals 

at the atomic scale is therefore of great importance if minerals and the geological processes 

of which they form part are to be understood at a fundamental level. The use of atomic scale 

data has become increasingly prominent in the past 2 0  years or so with the development of 

improved experimental apparatus and super computers and has been applied to a wide range 

of geological investigations, such as the explanation of ordering schemes in minerals 

(Carpenter 1985) or the determination of carbonate melt properties and carbonatite magma 

generation (Genge 1993).

A vast amount of information has been amassed on the atomic scale properties of minerals, 

especially in the form of X-ray structure determinations and chemical analyses. The techniques 

utilised in these studies measure the time-averaged structures of materials, (the positions and 

types of atom). Single crystal X-ray diffraction gives data on the thermal ellipsoids of ions - 

the volumes within which ions move about their ideal site coordinates, but cannot give 

information on the relative motions of neighbouring atoms. At temperatures above OK ions 

are in constant motion, and these motions influence mineral physical and chemical properties, 

many of which are temperature-dependent. Hence the properties of a substance depend not 

only on the location of atoms and their type, but also on the motions of their nucleii and 

electrons in a structure relative to one another, ie their dynamic behaviour.

Data on the dynamic properties of minerals lags behind that on static properties in terms of 

both quantity and quality. Knowledge of the dynamics of crystal lattices comes from 

spectroscopic experiments using techniques including infrared, Raman, inelastic neutron 

scattering (INS), and nuclear magnetic resonence (NMR) to study the motions of ion nucleii 

in structures. Of these techniques, infrared and Raman spectroscopies are currently the most 

widely available and widely used within geological sciences. Of increasing importance, and 

increasing reliability, are computer simulations of the dynamic properties of lattices.
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The vibrational motions of the ions in any substance are governed by interionic potentials, 

which themselves depend on the types of ion present and their arrangement with respect to 

one another. The two vibrational techniques used in the present study are polarised, single 

crystal infrared and Raman spectroscopies. These techniques probe the interactions between 

the oscillating ions in a mineral structure by using electromagnetic radiation in the infrared 

and visible regions to interact with the vibrations of the lattice. The use of polarised radiation 

incident on a single crystal of known crystallographic orientation maximises the amount of 

data obtainable from the spectra, and provides information on vibrational anisotropy in non- 

cubic phases because subsets of the total possible vibrations can be studied independently. 

Infrared and Raman spectroscopies are sensitive indicators of cation coordination and the 

occurrence of specific structural groups within crystal lattices, such as tetrahedra, octahedra 

and bridging bonds between these groups in polymerised structures. The study of the 

vibrational behaviour of matter can therefore provide a link between the atomic and 

"macroscopic" scales because many bulk thermodynamic properties of a given substance are 

directly or indirectly related to its vibrational nature. A thorough review of the relationship 

between mineral properties at the atomic and macroscopic scales is given in Kieffer and 

Navrotsky (1985). In the following sections, a brief overview of vibrational spectroscopy is 

given, and the importance of understanding minerals at the atomistic scale is introduced.

2.2. Applications of vibrational spectroscopy in geological sciences.

2.2.7 A brief history o f application.

Infrared and Raman spectroscopy have been used to investigate minerals since the 1930’s. 

However, compared with studies of organic and pure synthesised inorganic compounds carried 

out by chemists, the study of minerals has progressed very slowly, and whereas infrared and 

Raman spectroscopy are now considered as standard chemistry techniques, the availability of 

spectrometers in geological laboratories is still rather uncommon. This was partly because the 

preparation techniques used for soft chemical samples were unsuitable for harder minerals, and 

because mineral spectra are somewhat more complex than that of molecular gases, liquids and 

solids because of the greater degree of coupling that occurs between ionic motions in minerals. 

However, with the development of suitable preparation techniques and the availability of 

commercial infrared spectrometers from the early 1950’s, the study of the infrared spectra of
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minerals became more widespread. Unfortunately, because the Raman effect is very weak, 

with only about 10^ of the incident radiation undergoing Raman scattering, and because many 

minerals are very weak Raman scatterers, significant progress on the development of 

commercial Raman spectrometers and characterisation of mineral Raman spectra was delayed 

until after the development of lasers in the 1960’s. This lag is still reflected in the literature, 

with studies of mineral Raman spectra still relatively rare. Collections containing large 

numbers of infrared and much smaller numbers of Raman spectra have been presented by 

Moenke (1962, 1966), Plyusnina and Dusmatov (1969), Farmer (1974) and Karr (1975).

A great explosion in the number of mineral spectra (almost all of these infrared) collected and 

studied occurred during the 1960’s. These investigations used mostly the KBr disk technique, 

(eg Farmer 1974) in which a few milligrams of sample is pulverised with a relatively large 

quantity of very pure (spectroscopy grade) KBr and pressed into a thin disk at pressures of 

around 10 tm ̂ . A less common technique for minerals was the mull technique in which a 

small amount of sample is fmely ground and mixed with nujol and pressed between two KBr 

disks. The infrared beam is passed through the KBr disk or mull and the absorption or 

transmission of the beam by the sample measured. KBr and nujol are suitable since they 

transmit infrared radiation down to about 250 cm^ KBr compresses hydrostatically during disk 

formation and does not retain residual strains after the removal of the pressure, and hence does 

not cause pressure-induced stmctural alterations in minerals. Extensive collections of KBr disk 

mineral spectra were made to produce atlases of characteristic spectra of a wide variety of 

minerals, (Moenke 1962, 1966; Plyusnina and Dusmatov 1969), however much of this data 

covered only the region between 4000 and 400 cm'^ because of the effective ranges of 

spectrometers then available, and most minerals have many vibrational modes below 400 cm '\

The first investigations of the effects of chemical and isotopic composition on the spectra of 

a single mineral group, to permit the assignment of bands in the spectra to the motions of 

specific ions or groups of ions within the structure were carried out This work on minerals 

was pioneered by Tarte and to date isomorphous chemical substitution has been applied to the 

olivine (Tarte 1962, 1963), garnet (Tarte and Deliens 1973) and feldspar, (liishi et al. 1970, 

1971), mineral groups. Isotopic substitution is preferrable since the incorporation of a different 

isotope of an element changes only the mass of one set of oscillating ions, whereas the 

substitution of a different element, even of similar chemical characteristics modifies the bond 

strengths and structure of the mineral. Isotopic data is less common and exists for some
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divines (Paques-Ledent and Tarte 1973; Tarte et a l  1985).

2.2.2. Applications.

Because of their sensitivity to structure, infrared and Raman spectroscopy have been applied 

to structural studies. For example the six-fold coordination of silicon in stishovite was 

recognised by infrared spectroscopy, (Lyon 1962). The coordination of boron in axinite 

(H(FeAln)Ca2Al2BSi4 0 i6) which was determined as three-fold by the X-ray study of Ito and 

Takeuchi (1952), was later shown to be four-fold because the frequency of the boron-oxygen 

stretching modes in axinite corresponded to boron in tetrahedral coordination (Farmer, 1974). 

An increasingly important application has been to the identification of structural groups in 

glasses and melts, (eg McMillan 1984), and this vibrational data is important in the 

development of models of glass "structures". Vibrational spectroscopy has made a significant 

contribution to the understanding of displacive phase transitions in some minerals, the best 

known example being the transition between a- and p-quartz, eg Ghose (1985). When a- 

quartz is heated, a Raman mode at 207 cm'* becomes increasingly intense. As the thermal 

population of this mode increases at higher temperatures, its anharmonicity causes the average 

ionic positions to approach those of p-quartz. Vibrational spectroscopy is also sensitive to the 

degree of ordering in minerals, and systematic studies of series of feldspars (eg alkali 

feldspars, Hafher and Laves 1957), have permitted the callibration of changes in the spectra 

and their use as simple tool for estimating the degree of disorder (Salje 1992).

A major application, and one with which this study is partially concerned is the calculation 

of heat capacity and related thermodynamic properties. The use of INS data is preferrable for 

gaining this data because the vibrational density of states (the vibrational spectrum averaged 

over the whole Brillouin Zone) needs to be known, however INS data exists only for a handful 

of geologically relevent phases. Infrared and Raman data only sample the Brillouin Zone at 

k=0 (see Section 2.3), but using the Kieffer model (Kieffer, 1979c, 1985), good 

approximations to the density of states can be made from the k= 0  data and the predicted heat 

capacities are very close to experimental values. The Kieffer model is described briefly in 

Section 2.3.6 and applied to sinhalite and danburite in Sections 4.6 and 6.7 respectively.

The 0-H bond is a very strong absorber of infrared radiation, and infrared studies of protons 

in minerals are numerous, (eg Rossman 1988, Farmer 1974). Infrared can distinguish between
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molecular water and hydroxyl groups present in minerals, and OH has been detected in 

danburite and labradorite (Beran 1987) - minerals normally considered to be anhydrous. The 

O-H stretching frequency in layer silicates is a sensitive indicator of the hydroxyl environment, 

and details of the absoiption of structural hydroxyl are important in distinguishing intimately 

intergrown layer silicates from one another.

Infrared and Raman microscopes are becomming more widely available, and enable single 

crystal studies to be extended to the investigation of synthetic phases formed in diamond anvil 

cell experiments which are usually tens of microns in size. The vibrational data available on 

the most important Lower Mantle phase, MgSiOj comes only from tiny grains in diamond 

anvil cells because this phase is metastable under ambient pressures. In situ, non-destructive 

studies of solid and fluid inclusions in minerals using Raman microscopes are allowing 

sensitive characterisation of phases not identifiable by normal optical methods, including 

hydrocarbon compounds. It is hoped that polarised single crystal infrared and Raman 

microspectroscopy will be applied to a systematic study of synthetic, isotopically and 

chemically substituted minerals. This should enable virtually full mode assignments to be 

made for many mineral groups, and allow a considerable advance in knowledge of the lattice 

dynamics of minerals.

2.2.3. Single crystal polarised vs. KBr disk and mull techniques.

The KBr disk technique, despite its advantages of economy of sample material and speed of 

preparation, gives limited information as only a fraction of the bands predicted are visible in 

the spectra, and KBr absorbs infrared radiation below about 250 cm '\ It is also unsuitable for 

the study of water and OH in minerals since the fine powders involved absorb atmospheric 

water and the disks themselves are hydroscopic (Farmer and Russel 1962). This can be 

reduced by gentle heating or freeze-drying, but loosely bound water in minerals can also be 

removed during these processes. Hydrogen bonding can occur between the KBr and OH 

groups in the sample (Farmer 1957). Care must also be taken over the size and shape of the 

pulverised mineral fragments as this can have a significant effect on the spectrum (Luxon et 

al 1969). In some hydrous minerals, grinding to a fine powder or compression with KBr can 

cause dehydration to occur, as in the case of borax (Na2B4O7.10H2O) which can dehydrate to 

the lower hydrate tincalconite (Na2B4 0 y.5 H2 0 ) during grinding.
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Figure 2.2.1. Comparison of infrared spectra of danburite collected using the single crystal polarised and 

KBr disk techniques. (The KBr disk spectrum is taken from Moenke (1966)).
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Vibrational studies can be made on single crystals (oriented by X-ray diffraction) with the 

incident radiation polarised parallel to crystal axes or to structurally important directions within 

the lattice. This has many advantages over the KBr disk or powder techniques. The amount 

of information gained in these experiments is usually far greater, both in terms of the numbers 

of bands observed (compare Figures 2.2.1a and b), because the coupling between oscillations 

of the incident radiation and those of the mineral causing the appearence of spectral bands is 

sensitive to orientation, and only a subset of the total bands is active for any one polarisation 

geometry, (Section 2.3.5). Hence the number of bands observed is greater in polarised spectra
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because there are fewer overlapping bands, so that more can be assigned, and in addition, 

directional information about the vibrations in the crystal lattice can be obtained. The ground 

powder in a KBr disk contains an average of all possible oientations of the structure relative 

to the impolarised incident radiation, resulting in a lower number of broad bands. A greater 

quantity of material is usually required for polarised woik, and sample preparation is more 

time-consuming, involving the orientation of crystals and grinding and polishing of optical 

surfaces by lapping wheel, or ion thinning for microscopic samples. Care must be taken to 

avoid inclusions and cracks in crystal samples as these can cause depolarisation in Raman 

experiments. However the quality of the spectra obtained from a successful polarisation 

experiment is well worth the effort of preparation.

2.3. A brief review of the theory of infrared and Raman spectroscopy.

Good descriptions of the theory of vibrations in minerals are given for example in Kieffer 

(1979), McMillan (1985), McMillan and Hofmeister (1988), Blackmore (1984) and Farmer 

(1974). Theoretical considerations relevant to the present study are summarised in the 

following sections.

2.3.1. Oscillations at temperatures at or below 300K: harmonic oscillations.

Above OK ions in a crystal structure undergo thermal vibrations in which they oscillate about 

their equillibrium positions. These oscillations are quantised, and only a certain number of 

vibrational transitions are permitted. At relatively low temperatures (generally at or below 

300K), the amplitude of the oscillations is low and they may be approximated by harmonic 

motion.

The basic features of harmonic lattice vibrations are most easily visualised in classical terms. 

In the simplest terms, an ion undergoing a displacement experiences a restoring force, (F) 

proportional to the displacement, (±Ar) from its equilibrium position, (Hooke’s Law for a 

harmonic spring) such that
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F = -kAr (2.1)

where k is the force constant of the spring - a measure of its resistence to extension or 

compression. The magnitude and sense (repulsion or attraction) of the forces between pairs 

of ions are described by potential energy functions, (P) and for the above oscillator:

P = V4k(Ar)  ̂ (2.2)

The force constant is the curvature of the potential function with respect to ionic separation 

(P)r (Figure 2.3.1).

k = d'P/d(Ar)^ (2.3)

The equation of motion for a the harmonic oscillator is given by

p d^Ar = -kAr (2.4)
~ W

where p is the reduced mass of the two masses m̂  and m  ̂connected by the spring 

p = _m g 2_  (2.5)
mi + m2

Solutions to 2.4 have the form

r = A sin (tv^(k/p))+(j) (2.6)

where the integration constants A and <j) are the amplitude of the oscillation, determined by 

the energy of the system, and a phase angle given by the initial value of Ar respectively. ^  is 

usually set arbitrarily to equal zero. The frequency, \) of the oscillation is

\) = (2tc)-' v/(k/p) (2.7)

The units of frequency are s '\  or Hz. In the mineralogical spectroscopic literature, the 

positions of vibrational bands are usually expressed in terms of wavenumbers (cm'^), which 

is commonly used in the literature as a synonym for frequency or sometimes energy. However
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this is not correct since the wavenumber is defined as the number of periods of oscillation per 

centimetre in a vacuum, not the number of periods per second, (although it is true that higher 

numerical values in wavenumbers correspond to higher frequencies and energies possessed by 

an oscillating system). Other units that are commonly encountered, particularly in the 

spectroscopic literature on remote sensing, atmospheric sciences and chemistry are 

nannometres (nm) and micrometres (microns, pm), refering to the wavelength of an oscillation. 

Table 2.3.1 gives the conversion factors between the various frequency and wavelength units.

Table 2.3.1. Conversion factors between some units commonly used in mineral spactroscopy.

cm'^ pm Hz

1.0 = 10^  = 2.9979 X 10'®
1.0

The classical harmonic oscillator does not completely characterise the interactions between the 

incident radiation and lattice vibrations, nor does it explain the appearence of discrete bands 

in vibrational spectra. Instead, the classical model predicts the continuous absorption and 

emission of energy over all frequencies at all temperatures. It is necessary to describe the 

oscillators in quantum mechanical terms in order to account for the observed features of 

vibrational spectra.

The quantised ionic vibrations are described in terms of wavefunctions. The wave equation 

for the harmonic oscillator is:

d V  + 4 jfp  (2E - k(Ar)^)Y = 0 (2.8)
di^ h

where y  is the vibrational waveftmction, E is the energy of the system. The solutions of this 

equation give a set of vibrational eigenfunctions, and associated energies, E„, and the 

subscripts, n refer to the vibrational quantum numbers. These quantum numbers refer to 

vibrational energy levels, and transition from one to another requires that a certain amount of 

energy is absorbed or emitted from the oscillating system. The vibrational energy levels, Ê  

are given by
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E„ = (n + V̂ ) h/27C V(k/p) 

= (n + V̂ ) hi) (2.9)

where n = 0,1,2.....  h is Planck’s constant, (h = 6.626176 x 10'^ Js) and d is the classical

harmonic oscillator frequency given by Equation (2.7). From Equation (2.9), the lowest energy 

state (Eq) has energy Vihu, which is refered to as the zero point energy, and implies that a 

lattice will have vibrational energy at OK.

The vibrational eigenfunctions are interpreted as probability density functions, which are 

shown for the first four vibrational levels in Figure 2.3.1 together with the classical probability 

functions. It can be seen that for low levels, quantum mechanical and classical predictions for 

most probable values of r are very different, whereas at highly excited states, the two 

probability functions converge.

Figure 23.1. The harmonic oscillator: energy levels and wavefunctions. The potential is bounded by the curve 

P = Vik(Ar)* (heavy solid line). The quantum mechanical probability density functions |(}>,|* are shown as light 

solid lines for each energy level, while the corresponding classical probabilities are shown as dashed lines.
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At temperatures above 300-400K, depending on the mineral, the harmonic approximation 

becomes progressively more inadequate as a description of ionic motions because of the 

increasing importance of anharmonic effects. These arise because the interionic forces resisting 

bond compression are greater than those resisting bond extension and the potential function 

is therefore steeper for r<ro than for r>ro, (Figure 2.3.2). As a consequence of this, as the 

amplitude of thermal vibration increases with increasing temperature, rg increases and thermal 

expansion occurs. In addition, the condition that An = ±1 is relaxed and transitions 

corresponding to An = ±2, 3 etc. may occur and are observed in spectra.

Figure 23.2. The anharmonic oscillator, showing the experimentally determined potential and energy levels 

(solid lines), and the harmonic oscillator fit as a dashed line for comparison.
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2.5.2. Vibrations in crystals.

Because crystals are periodic, the vibrations of a whole crystal may be described by 

considering only one unit cell (provided that the crystal is also homogeneous). There are 3N 

solutions to the equations of motion of a system containing N ions, corresponding to the 3N
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degrees of vibrational freedom of those ions. Three solutions are translations and three 

rotations of the whole system with no relative ionic movement. These translations are not 

observed in infrared and Raman spectroscopy as discussed below. The ionic motions form 

wave/particles which travel through the crystal structure - lattice vibrations, or phonons in 

quantum mechanical terminology. Phonons are described by the wave vector k, where k = tiA  

defined by the phonon wavelength and direction of propagation within the lattice, and phonon 

wavelengths vary with the direction of propagation, a property known as dispersion (Figure 

2.3.3). The relation between vibrational mode energy and k is known as the dispersion 

relation, which reflects the effect of vibrational mode phase in adjacent unit cells on the 

frequency of the mode.

Figure 2 3 3 . Dispersion curves calculated for a-quartz (from Elcombe 1967) using a Born-von Karman model.
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The dispersion relationships of phonons are usually described within the first Brillouin zone - 

a type of primitive unit cell constructed in reciprocal space by drawing planes which are 

peipendicular bisectors of lines between lattice points and their nearest neighbours. When 

adjacent unit cells are vibrating in phase, the wavelength of the lattice vibration tends to 

infinity and therefore k approaches zero. These modes are present at the zone centre. When 

adjacent unit cells vibrate exactly out of phase, k = ±7t/a, where a is the direct lattice cell 

repeat in the direction of k. Each vibrational mode is represented by a branch in a dispersion 

diagram, which shows the variation of the frequency of each mode with k within the Brillouin 

zone. As mentioned above, three of the 3N vibrational degrees of fieedom associated with a 

group of N ions correspond to translations of the whole crystal, with all unit cells moving in 

phase. This motion is similar to the propogation of sound through the lattice and these three 

modes are therefore called the acoustic modes. The exciting radiation in infrared and Raman 

experiments has wavelengths approaching infinity relative to the unit cell edges of minerals 

(5500Â) and hence infrared and Raman spectroscopies observe only the vibrations at the centre 

of the Brillouin zone where k=0. (k is not exactly equal to zero since ti/5500 « 2xl(T*).The 

acoustic modes are therefore not observed in infrared and Raman spectra (Figure 2.3.3). The 

remaining 3N-3 modes involve relative displacements of ions in the unit cell and are called 

the optic modes, since they may interact with light, having non-zero frequencies at k = 0 .

Each ionic displacement may be resolved into three components with respect to the 

propagation direction of k: one longitudinal and two transverse. The branches of the dispersion 

are then described as longitudinal and transverse optic (LO and TO respectively) and similarly 

LA and TA for the acoustic branches. At k = 0, all three mode components (LO + 2T0) 

should have the same fiequency, but while this is the case for crystals containing only one 

type of ion, for other crystals the LO and TO components are separated to give the LO-TO 

splitting observed in spectra. This splitting is greatest in more ionic crystals and arises because 

when adjacent ions of opposite charge are separated during a LO mode, an electrical field is 

produced which adds to the mechanical restoring force, raising the LO frequency relative to 

the TO, for which there is no additional field, and remains at the frequency defined by the 

mechanical force constant. The TO modes may or may not be degenerate, depending on the 

symmetry in the direction of propogation of k.

Dispersion relationships are determined experimentally by INS, but data exists for only a few 

minerals, mostly with very simple structures. This data may be calculated and the results for
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quartz are shown in Figure 2.3.3 (Elcombe 1967). Note in this figure a) that the highest 

frequency modes (corresponding to "internal" SiO^ stretching modes), are approximately 

dispersionless and are well separated from lower frequency modes, and b) that dispersion is 

significant in optic modes below the dispersionless modes, and that the three acoustic modes 

have approximately sinusoidal dispersion and have frequencies which go to zero at k = 0 .

2.33. The interaction between ionic vibrations and incident infrared radiation during an 

infrared r ^ c ta n c e  experiment.

When an infrared beam is incident on a surface, portions of it are reflected, transmitted or 

absorbed, and the sample itself may emit some radiation. The reflected beam intensity is 

therefore of lower intensity than the incident beam. Some portion of the incident radiation 

which penetrates the crystal is dissipated amongst the ionic vibrations as heat.

Energy transfer between the incident radiation and the sample occurs when the oscillating 

electromagnetic field of the incident radiation resonates with the oscillating electromagnetic 

field arising from oscillating dipole moments between ions. A mode will only be infrared 

active i f  a change in dipole moment occurs during the motion. The dipole moment (p) 

between two ions of differing electronegativity separated by an equilibrium bond distance 

is defined by Equation (2.9) where Q is the ionic charge

P = Qro (2.9)

In a crystal lattice, ionic motions often involve groups containing three or more ions, (eg BO4) 

and the dipoles between pairs of ions in the group sum vectorally to give a resultant dipole 

change for the motion of the group of ions.

The oscillating electromagnetic field of the incident radiation is modulated within the sample 

to propagate as a wave. This modulation is composed of two parts whose relative contribution 

varies with frequency. At high frequencies, modulation is via motion of the valence electrons 

relative to the ionic cores, (nucleii plus tightly bound inner-most electrons), while at low 

frequencies in ionic crystals, the radiation is modulated by motions of the ionic cores relative 

to one another. To distinguish them from photons propagating in air, the photons propagating
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within the crystal are called polaritons. Because the polaritons propagating within the crystal 

are interacting with ions within the crystal, their speed of propagation relative to that in a 

vacuum (c) is reduced. The ratio of c to the speed of propagation in the crystal is called the 

refractive index (n)

n = ^  (2 .11)
V

The square of the refractive index is known as the dielectric constant, (e)

e = n* (2.12)

Because the relative contributions of the two modulation mechanisms vary with the frequency 

of the incident radiation, v and therefore n and e are also dependent on the frequency of the 

incident radiation. In infrared spectrometers, the infrared radiation source produces a 

polychromatic beam covering the infrared region between approximately 50 and 6000 cm '\ 

(this range is not fully available because of limitations in the effective ranges of detectors). 

Consider one mode in the spectrum: polaritons whose frequencies are slightly below the 

resonant frequency (Oq) of the mode will undergo weak resonance with the mode, and 

resonance will increase between the mode and polaritons with greater frequencies approaching 

\>Q. As resonance increases, the polaritons propogate more slowly within the lattice, and the 

refractive index and dielectric constant increase. At resonance occurs, the polariton energy 

is transferred to the oscillator, the polariton ceases to exist and a phonon is created. The speed 

of propogation of the polariton falls to zero and the refractive index and dielectric constant 

go to infinity, and the crystal becomes reflecting. The dielectric constant reappears from minus 

infinity on the high frequency side of resonance, and the point at which it crosses the E = 0 

axis corresponds to the LO frequency.

The reflectivity, R of the crystal at normal incidence is given by the Fresnel formula:

R =  (n - 1)' (2.13)
(n + D"

This formula gives the ideal reflectivity curve shown in Figure 2.3.4.
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Figure 23.4. (Left). Refractive index, dielectric constant and reflectance profiles of an infrared reflectance 

band of an ideal non absorbing mineral, (from McMillan 1985).

Figure 233 . (Right). Real and imaginary components of refractive index, dielectric constant and 

reflectance for a reflectance band in a typical real crystal, (from McMillan 1985).
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Because some of the incident energy is dispersed within the crystal as heat, the crystal is never 

totally reflecting, and the idealised reflectance profile in Figure 2.3.4 actually has a shape 

resembling that in Figure 2.3.5. That part of the incident radiation is described by the 

absorption coefficient (n”) and dielectric loss function (e") and are related to the refractive 

index and dielectric constant by expressing these quantities in complex form:
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n = n’ + in" (2.14)

e = e ’ + e" (2.15)

These functions together with a more realistic reflectivity curve are illustrated in Figure 2.3.5. 

This diagram shows that the LO and TO mode positions occur at the half-height of a 

reflectance peak on the high and low frequency sides respectively, where half-height is half 

the distance between the baseline and the band maximum.

2.3.4. The interaction between ionic vibrations and incident radiation during a Raman 

experiment.

When light enters a crystal it is scattered in all directions. Most photons are scattered 

elastically and emerge from the sample with the same energy as the incident energy before 

they entered it. Approximately 10^ or 10 ̂  of the incident photons emerge with slightly lower 

or higher energies. These photons have suffered inelastic collisions within the sample and this 

phenomenon is known as the Raman effect after one of its discoverers, (Raman and Krishnan, 

1928), and the changes in energy measured in some emerging photons are called the Raman 

shifts. Because the effect is very weak, a laser is used as the incident radiation source. For 

mineral samples, which are generally rather weak scatterers, lasers with wavelengths 

corresponding to green or blue light produce the best signal:noise ratio since scattering power 

is proportional to the 4th power of the exciting frequency.

Such laser photons are of much higher energy than the vibrational motions, but similar to 

those involved in electronic transitions. During photon/ion collisions, the incident photons 

instantaneously deform the electron distributions around the ions to form a transient excited 

state, and the nucleii move to follow this new electron distribution. During elastic collisions, 

which make up most of the total interactions, the photon emerges from the sample unchanged 

in energy, and the electrons and nucleii return to their undeformed positions, this is known as 

Rayleigh scattering. However, if the nuclear displacements correspond to those that occur 

during a vibrational mode of the crystal, (and the oscillator is in its ground state, Eq), this 

mode is stimulated and the energy of the vibrational energy transition is subtracted from the 

energy of the photon. This case where the oscillator is promoted from Eg to (assuming
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harmonicity) Ej, and the photons lose energy is called Stokes scattering. The converse, where 

the oscillator is already in its excited state (EJ and the inelastic collision results in a return 

to the ground state and an increase in photon energy is called Anti-Stokes scattering. The anti- 

Stokes spectrum is much weaker than the Stokes because the majority of oscillators are 

normally in the ground state at room and liquid nitrogen temperatures, and only the Stokes 

spectrum is usually shown. The energy transfers involved in Stokes, Anti-Stokes and Rayleigh 

scattering are shown schematically in Figure 2.3.6.

Figure 2.3.6. The Raman scattering process. The incident laser heam has energy E. Rayleigh scattering is an 

inelastic scattering process, and gives rise to a strong central peak at the incident frequency (zero Raman shift). 

Raman scattering is accompanied by a change in vibrational energy level to give peaks at E • e (Stokes shift) 

or E + e (anti-Stokes shift), where e is the vibrational energy level separation. At temperatures of 3(H)K or less, 

the ground state (n = 0) is more populated than higher vibrational states, hence the Stokes spectrum is more 

intense than the anti-Stokes.
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The selection rule for the Raman activity or inactivity for a mode is therefore related to the 

"deformability" of the electrons around ions or groups of ions. This is expressed as the 

polarisability, (a) of the electron cloud. As for infrared vibrations, the principals of Raman 

scattering are most easily described by a classical approach. An ion in a static electric field 

E has induced in it an ionic dipole, p, which is independent of any permanent dipole of the 

ion. The nucleus and electrons are displaced towards the negative and positive ends 

respectively, and

p = oE (2.16)

For incident radiation of frequency \), E varies according to

E = Eocos27cut (2.17)

and

p = ccEoCos27rot (2.18)

which is the expression for Rayleigh scattering. If a group of ions undergoes a vibration of 

frequency n ’ such that its polarisability changes in sympathy with this frequency, then 

(assuming electrical harmonicity),

a  = Oo + pcos27ro’t (2.19)

where cCq is the polarisability of the ionic group when not vibrating and p is the rate of change 

of polarisability that occurs with the vibration. Substituting (2.19) into (2.18) gives:

p = EoCOs27TOt( Oo + pcos270)’t) (2.20)

which expands to give,

p = EoCOs27TOt + V^pEo[cos27c(\)-\)’)t + cos27c(t)-\)’)t] (2 .2 1 )

The three terms on the right hand side of Equation (2.21) represent, from left to right.
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Rayleigh, Stokes and anti-Stokes scattering respectively, and this expression defines the 

selection rules for Raman activity of a mode. If p, the rate of change of polarisability for a 

particular mode is zero, then only Rayleigh scattering will occur, and thus a change in 

polarisability must accompany a vibrational mode for it to be Raman-active. Note that this 

classical formulation predicts equal intensities for Stokes and anti-Stokes spectra, which is not 

the situation observed in the spectra. Quantum mechanics explains the observation that the 

anti-Stokes spectrum is weaker than the Stokes. At temperatures around 300K, most mineral 

vibrations are in their ground state, with vibrational quantum number equal to zero. Excitation 

of these modes by incident infrared radiation causes transitions to the first vibrational energy 

level (El) and these correspond to the fundamental modes of vibration in which photons 

leaving the sample have lost energy relative to incident photons, ie Stokes scattering. The 

probability of Stokes scattering is therefore greater than that of anti-Stokes at temperatures at 

around 300K and hence the Stokes spectrum is the most intense. At higher energies for a 

given system, transitions between Eg and E^i may occur, and these correspond to the first, 

second etc... overtones. These are generally not observed in vibrational spectra collected at 

room or liquid nitrogen temperatures.

Because polarisability for an ion or group of ions is usually anisotropic, and because the ionic 

dipole will tend to align itself with the direction of greatest polarisability, which is not 

necessarily the same direction as the electric vector of the incident radiation E, Equation (2.16) 

must be replaced by a general set of equations based on cartesian coordinates,

Px = + <AyEy + o»Ez (2.22)

Px — CCyjjÊ  +  CtyyEy + (XygEg

Px = OxxEx + cgEy + OzzEz

The square matrix of the Ojj components is known as the polarisability tensor. If one or more 

of the six derivatives (So^j/SOJo is non-zero for a given mode, (where is the normal 

coordinate for the mode, as described by Kittel 1976), then that mode will be Raman-active, 

and the more derivatives are non-zero, the stronger the activity. The intensity of the observed 

spectral band is dependent on the square of the derivative.
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Figure 2J.7. Scattering geometry used in a polarised Raman experiment.
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A standard geometry is used for the collection of polarised Raman data, (Figure 2.3.7). The 

incident laser beam passes through the sample via polished entry and exit faces, and the 

scattered radiation is collected from a third polished face at 90° to the other two,passing 

through a polariser before reaching the detector. The geometry of the experiment is represented 

using Porto notation: for example the case illustrated in Figure 2.3.7. is written as y(zz)x where 

the letters outside the parentheses refer to the propogation direction of the laser light entering 

and of the scattered radiation leaving the sample, and those inside the parentheses refer to the 

polarisation direction of the laser entering the sample and the scattered radiation leaving the 

sample. The axes refer to those of the sample. This geometry selects the element of the 

polarisability tensor, and in the orthorhombic crystal in Figure 2.3.7. (point group mmm, (Dgh)) 

this corresponds to modes of symmetry Ag.

2.3.5. Symmetry and the prediction o f mode activity.

The numbers of infrared-, Raman-active and inactive modes are determined from the 

symmetry of the crystal and of the ionic sites within it. The method used to do this is called 

Factor Group Analysis, (FGA) and is described in detail by Fateley et al., (1972), and the 

symmetry data used tabulated in this reference and also Cotton, (1971) and Decius and Hexter, 

(1977). In most of the preceding references, which have been written by and for chemists and
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spectroscopists, symmetry operations are described using the Schoenflies nomenclature. 

Mineralogists and crystallographers tend to use the International nomenclature, which is the 

one used in the present woik. For the first few examples in the following section, for clarity 

the Intemational nomenclature is used and the Schoenflies nomenclature given after in 

brackets. A brief sununary of the use of FGA to enumerate vibrational modes will now be 

given, using sinhalite as an example.

The total number of normal modes of vibration for a crystal is the number of vibrational 

degrees of freedom per atom (3), multiplied by the number of atoms in the primative unit cell. 

For sinhalite there are 28 atoms per unit cell and hence a total of 84 vibrational modes. Three 

of these are translations of the entire unit cell with no relative displacement of the ions - the 

acoustic modes - 10 are "optically inactive", and the remaining 71 modes are "optically 

active", ie they will interact with incident electromagnetic radiation to produce infrared and 

Raman bands at k=0. |The optically inactive modes are those which do not involve either a 

change in dipole moment or polarisability.

The FGA method involves determination of the symmetry species of x,  y  and z translations 

for each equivalent ion group, which are known as site groups, and then correlating the site 

group species with the symmetry species of the unit cell point group, (the factor group) using 

correlation tables listed in the references given above. The symmetry species containing the 

X, y  and z translations for the site and factor groups are given in the point group character 

tables. Site group symmetry information comes from X-ray structural determination data, in 

which the symmetries of equivalent ion groups are usually listed. For sinhalite, the site group 

occupancies and symmetries are:

Equivalent ion Site symmetry

International Schoenflies

4A1 i (CJ
4Mg m (Oxy)
4B m (0 .y)
401 m (Oxy)
402 m (Oxy)
803 1 (E)

The site and factor groups are symbolised by y and Ç respectively, and the number of
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translations along x, y  and z for each site group y  is denoted t̂ . For the boron ion, the site 

group symmetry is m, and from the character tables, for this site symmetry the x  and y 

translations belong to site symmetry species A’, and the z translation to site species A". There 

are 4 boron ions per unit cell, and the total number of vibrational degrees of freedom 

associated with the boron ions is given by 4 t\ and denoted by f̂ , so for boron, F = 12, with 

f^’ = 8 and I = 4.

t̂

2  {x, y) 

1 (z)

F

8

4

Site species in m (a^y) 

A’

A"

This site group species may be correlated with the factor group species, the point group of the 

sinhalite unit cell, mmm (Djh). For sinhalite, the Pbnm setting is used, and the correctly 

oriented mirror plane (the xy mirror) must be selected for the correlation, which is shown in 

Table 2.3.2. The meanings of the numbers in the columns headed F and â  are explained 

below.

Table 2.3.2. Correlation table for site group species m and factor group species mmm, (D,J.

F Site group species, y  (m, (a,y)> Factor group species, ^ (mmm, (D^h))

A’

A"

2

Big 2

Big 1

Bsg 1

A. 1

B,„ 1

B2u 2

B3„ 2

The correlation shows that the A’ species contribute to the A ,̂ and B̂  ̂ species of the
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factor group mmm (Djh) and the A" species contribute to the Bjg, and B,u species.

The number of vibrational degrees of freedom contributed by each site group species, y to the 

factor group species, Ç is denoted by a \ and defined as:

â  =
E ; ’ C;

12.23

where is the degeneracy of each factor group species Ç which receives a contribution from 

that site species y. Degeneracies are defined by the capital letter at the front of each symmetry 

species label, eg and are defined as: C; = 1 (A or B), C; = 2 (E) and = 3 (T or F). As 

an example of the use of Equation (2.21), consider the vibrational degrees of freedom 

contributed to the factor group mmm by the site species A" of site group m:

a^"= 4 = 1 2.24
l+ l+ l+ l

â  is defined to determine the number of degrees of freedom for each factor group species Ç 

contributed from all site group species which correlate into that particular species Ç:

a( = E ^  '2.25

For example, Ag contains contributions from A’ site species, and a"̂ * = a^ = 2. Hence, from 

Table 2.3.2. the cartesian vibrational degrees of freedom if the boron ions (and the magnesium, 

0 1  and 0 2  ions), on the mirror sites in sinhalite are

Fg = 2Ag + 2Big + Bjg + Bgg + Â  + Bi„ + 2B2„ + 2B3„.

For the aluminium ions, the site group is i, and from the character table for this point group, 

the site group symmetry species Â  contains all three cartesian displacements, hence t^“ = 3, 

and since there are 4 aluminium ions per unit cell, f^“ = 12. The correlation of the site group 

Au into the factor group mmm, (Table 2.3.3 ) gives shown in Table 2.3.5.
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Table 2.33. Correlation table for site group species i (CJ and factor group species mmm ( D;J.

r  Site group species, 7  (i) Factor group species, Ç (mmm)

12

Ag 0

Big 0

B2g 0

Bsg 0

A» 3

Biu 3

3

Bsu 3

Similarly, for 03  which has site group 1:

Table 2.3.4. Correlation table for site group species 1, (E) and factor group species nunm, (D,J.

F Site group species, 7  (1) Factor group species, Ç (mmm)

24 A

ig

2g

3g

lu

2u

3u

The symmetry species of aU 84 vibrational vibrational modes of sinhalite are therefore:

T"sinh*iit -  llAg + llBig + 7B2g + TBjg + 10A„ + lOBiu + 14B^ + 14B3„.
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However, this includes the three acoustic modes, corresponding to translations of the whole 

crystal in the x, y and z directions. The character table for the factor group mmm indicates that 

the acoustic motions in the y and z directions occur in the and Bj„ symmetry species

respectively, that is:

^•coustic ® lu  ®2u ®3u*

SO that the representation of the 81 remaining true vibrational modes is

F,inh*iit = llAg + llBjg + TBjg + 7Bgg + lOÂ  + 9Bi„ + 13B^ + ISBj .̂

The character table gives information about the activity of these modes. Because the Bi„, B̂ » 

and Bju symmetry species are associated with translations in the x, y  and z directions, these 

modes will be infrared active, hence there will be 9Bj„ + 13B% + 13&% modes. Of these the 

Biu modes will be stimulated be incident radiation polarised parallel to the crystallographic z 

axis, and the Bj  ̂ and B,  ̂ modes when this radiation is polarised parallel to the y  and x 

directions respectively. The correlation table also states that there will be 11 Ag + I IB ^  + VB̂ g 

4- TBjg Raman-active modes, and that only the Ag modes will appear in parallel polarisation 

experiments, whereas the B̂ g, B̂ g and B̂ g modes will appear in crossed polarisation 

experiments. There are no translations or non-zero polarisability coefficients for the Â  

symmetry species, and these modes are therefore inactive, and will not be observed in the 

infrared or Raman spectra.

Because the sinhalite stmcture may be approximateed to contain discrete BO4 tetrahedra, it is 

possible to take this analysis one stage further to perform a Site Group Analysis, (SGA). This 

precedes in the same way as the FGA described above, except that the site group, y is the 

symmetry of the boron ion, m, and the "factor" group is the ideallised tetradedral symmetry, 

Tj. From the character table for point group Tj, the vibrational modes associated with an ideal, 

free tetrahedral molecule are: Â  (symmetric stretching, D,); T^ (antisymetric stretching, 1)3); 

E (symmetric bending, 1)2) and T% (antisymmetric bending, v^). These modes involve motions 

of the five ions in the tetrahedron relative to one another and are called the "internal" modes 

of the tetrahedron, and are illustrated in Figure 2.3.8. The correlation between the real and 

ideal tetrahedral symmetries is:
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T able 2 .3 ^ . SG A  correlation  table for the tetrahedral group BO 4 , site sym m etry m and ideal sym m etry T^.

Free tetrahedral molecule (T^) Site group (m)

Rotation Translation Internal

Ai

E

Ti

T2 2 (1)3, ^4)

The motions of ions during the vibrational modes are described in terms of displacements 

along cartesian axes x, y  and z with respect to a fixed point in the unit cell, (an ion site or 

lattice point).

Figure 2 3 .8 . Schem atic  illustration  o f  the nine "internal"  vibrational fundam ental m otions o f an isolated  

tetrahedral m olecule TO^, (from  H ertzherg 1945).
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2.4. The vibrational spectroscopy of boron.

As mentioned in Chapter 1, boron forms anionic species in trigonal and tetrahedral 

coordinations, which are illustrated in their ideal geometries in Figure 2.4.1. The average B-0 

bond length in the trigonal and tetrahedral states are 1.37 and 1.48 A respectively - a relatively 

large difference which leads to relatively large differences in B-0 force constants and hence 

in the positions of stretching and bending modes in vibrational spectra. Typical ranges of the 

antisymmetric (Og) and symmetric ( n j  stretching fundamentals o f the BO3 and BO4 groups in 

minerals are shown in Table 2.4.1 and illustrated in Figure 2.4.1, which shows the unpolarised 

infrared spectra of sinhalite, in which boron is in tetrahedral coordination, and pinakiolite in 

which boron is in trigonal coordination. From this figure it is clear that the coordination of 

boron in a mineral can easily be deterined from infrared or Raman spectra. An infrared 

spectrum of axinite (Ca,Mn,Fe^03Al2BO3(Si4Oi2)OH, (Moenke 1966) indicated that boron is 

in tetrahedral coordination and not trigonal as originally concluded fiom the original X-ray 

structure determination (Ito and Takéuchi 1952). The tetrahedral coordination of boron in 

axinite has since been confirmed by X-ray structure determination (Swinnea et al. 1981). 

Infrared spectroscopy has been used to show the tetrahedral coordination of trace boron in 

sillimanite (Grew and Rossman 1985). Vibrational spectroscopy has also been used to 

investigate the coordination of silicon in stishovite to confirm its six-fold coordination 

determined by X-ray diffraction (Lyon 1962).

Table 2.4.1. Typical ranges of occurrence of the streching modes associated with the BO, and 
BO4  groups in minerals, (cm'*).

1500 1200 BO3 antisymmetric B-0 stretch

1250 850 BO4 antisymmetric B-0 stretch

950 850 BO3 symmetric B-0 stretch

850 700 BO4 symmetric B-0 stretch
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Figure 2.4.1. Ideal BO, and BO4  groups showing the large difference in B O bond length, and representitive 

spectra illustrating the difference in frequency between the v, and t), stetching fundamentals of these groups 

in orthoborates containing the BO, and BO4  groups.
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The high abundance of the two stable isotopes of boron, and "B, (natural abundances of 

19.7% and 80.3% respectively), and the relatively high mass difference between them makes 

boron isotope substitution a useful and effective tool for the characterisation of ionic motions 

in vibrational spectra. Many vibrational studies have been carried out using and "B- 

substituted boron compounds, especially on organic boron compounds and simple hydrates 

such as boric acid, H3BO3 (eg Bethell and Shepperd 1952; Ogden and Young 1988). Sinhalite 

MgAlBO^ has been investigated by this method (Tarte et al. 1985), (Chapter 4). Substitution 

of °̂B into a borate can cause a shift of between approximately l(X)-40 cm'^ in the position 

of antisymmetric stretching modes but at the lower frequencies corresponding to bending 

motions, the shifts are far lower, being only 3-7 cm^ or so, and can be difficult to observe
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because instrument resolution at these frequencies is in the region of 2-3 cm '\ (Tarte et al. 

1985). Boron isotopes are becoming increasingly used in partitioning studies of geological 

importance to determine the ultimate origin of the boron and its partitioning behaviour in 

different environments.

2.5. The application of vibrational spectra to the calculation of thermodynamic data: 

the Kieffer model.

Kieffer, (1979a,b,c, 1980, 1985) has formulated a model which allows the calculation of 

thermodynamic properties of solids from crystallographic and vibrational data, and thus forms 

the link between atomic and "macroscopic" properties. The model has recently been evaluated 

in Ross and Price (1992). The rationale behind the model and its construction from 

crystallographic and spectroscopic data will be briefly described.

If the prim) tive unit cell of a mineral is assumed to be made up of a collection of harmonic 

oscillators, then the lattice energy, U of the unit cell is the sum of the energies possessed by 

all of these oscillators:

U = EkjhcOj(k)(V^ + (exp(h©j(k)/kBT)-l)-‘ (2.26)

where h is (27t/h), ©j is the oscillator frequency, kg is the Boltzmarm constant (kg = 1.380662 

X 1(T“ ) and T is the temperature in Kelvins. Equation (2.26) represents the sum of all 3N 

branches in the dispersion diagram over all values of k, (ie throughout the entire Brillouin 

Zone), and shows that the lattice energy depends only on the temperature and mode 

frequencies, all other terms being constants. In a macroscopic crystal, surface effects may be 

neglected, and the distribution of the vibrational modes with frequency may be considered 

approximately continuous (inspection of experimental spectra show that this assumption is 

reasonable), and the sum in Equation (2.26) replaced by an integral:

U = /o ““ h©j(k)(&6 + (exp(h©j(k)/kgT)-l)-‘ G(©)d© (2.27)

where ©m is the highest mode frequency. G(©) is the frequency distribution of the modes or
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the density of states, and G(o)da) is the number of modes occuring in the frequency range © 

to (© + dco).

If the density of states is known, then the thermodynamic properties can be calculated, for 

example the heat edacity  at constant volume is the differential of Equation (2.27) with respect 

to temperature:

Q, = dU (2.28)
dT

and from this the heat capacity at constant pressure is given by

Cp = C, + TV rf/p (2.29)

where a  is the thermal expansivity, p is the bulk modulus, V is the unit cell volume and T 

is the absolute temperature. From Cp the entropy (Sp), and enthalpy (Hp) can be calculated, and 

from all of these the Gibbs free energy, Gp

G p=H p-TSp  (2 .30)

However the density of states cannot be derived from infrared and Raman data since this only 

represents the mode frequencies at k=0. Kieffer (1979c) proposes an approximation of G(co) 

which is consistant with lattice dynamics theory. The success of the approximation, and the 

ability to use phonon frequencies measured only at the Brillouin Zone centre stems from the 

relatively low dispersions of the optic modes, which is responsible for the insensitivity of the 

thermodynamic functions to details of the vibrational spectrum.

Briefly, the main features of the Kieffer model are as follows: If there are N ions in the 

primitive unit cell, then there are a total of 3N vibrational degrees of freedom. The Brillouin 

Zone is approximated to a sphere of equal volume and radius and the acoustic branches 

represented by directionally averaged velocities given by experimental acoustic velocity 

measurements. The acoustic branches are assumed to have sinusoidal dispersion. The optic 

modes are represented by two elements in the model: the highest frequency modes from INS 

data have little dispersion, and are represented by one or more Einstein oscillators, which are 

dispersionless, having the same frequency throughout the Brilluoin Zone. In experimental
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spectra of silicates, these modes are usually the antisymmetric Si-0 stretching modes. The 

majority of the optic modes are represented by one or more optic continua, which represent 

the simplest possible frequency distribution (G(o))) ie a uniform density of states between the 

upper and lower frequency limits of any given continuum. The density of states of the optic 

continuum is given by:

G(û)Uc continuum = 3Nn(l - (1/q) - q) (2.31)
(tOu - COi)

Where n is the number of atoms per formula unit, N is the number of formula units in the unit 

cell q is the proportion of the total number of modes contained in any optic continuum which 

extends between upper and lower frequencies of o>„ and co, respectively. At lower frequencies, 

the values of the thermodynamic functions become more sensitive to mode distribution. 

Dispersion becomes more important at lower frequencies, and is accounted for by assuming 

the following dispersion law for the lowest frequency optic mode across the Brillouin Zone:

0^/(1 + (2.32)

where m̂  and mj are the masses of the heaviest and lightest vibrating units respectively. At 

low temperatures, (below approximately 150K), the heat capacities produced by the model are 

very inaccurate. This arises from the sensitivity of the thermodynamic functions to mode 

distribution at low temperatures and from a common relative lack of knowledge of mode 

positions in the spectra at low frequencies because these modes are often difficult to observe 

experimentally. The way in which the Kieffer model represents the features of the vibrational 

spectrum determined from INS data is illustrated in Figure 2.5.1.
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Figure 2^.1. a) dispersion relations in the Kieffer model; b) the Kieffer model for the frequency 

distribution of the normal modes of vibration in a three-dimensional crystal, (from Ross 1992).
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Construction of these models is carried out from a consideration of the band distribution in 

the experimental spectra, and the better the spectroscopic information, the more accurately the 

modes can be partitioned into respective Einstein oscillators and optic continua. Therefore, 

polarised single crystal spectra tend to lead to better values of thermodynamic functions, 

because fewer assumptions need to be made about the frequency distribution of modes. 

Nevertheless heat capacity data which agrees to within 1% of experimental data are calculated 

by the model using powder and KBr disk spectra. The construction of the model is discussed 

in detail for the cases of sinhalite and danburite in Sections 4.4 and 6.7 respectively. In Figure 

2.5.2 the positioning of the various Enistein oscillators and optic continua from the sinhalite 

polarised infrared spectra is illustrated.
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Figure 2£J.. The construction of a Kieffer noodei using the vibrational spectra of sinhalite as an example.

(See Section 4.6 for detailed discussion).
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2.6. The role of atomistic simulations in the understanding of lattice vibrations.

The use of computer simulations is becoming more frequent as increasing computer power 

allows simulations of mineral structures which contain relatively large numbers of ions in their 

unit cells. In the present study atomistic simulations have been used to try to understand 

features of vibrational behaviour which cannot readily be interpreted from the experimental 

spectra. These include assignment of low frequency bands for which isotope shifts are either 

absent small and inconclusive to motions of specific ions and the determination of the degree 

of mixing between the "internal" motions of a coordination polyhedron (ie relative motions 

between ions in the polyhedral group). The application of such simulations depends on the 

existance of suitable interatomic potentials which describe all of the interactions which have 

the dominant influence on the vibrational behaviour of the lattice. These potentials exist for 

many silicates, but development of potentials for borates is still at a relatively early stage. 

Vibrational spectroscopy is a powerful tool with which to test potential functions since spectra 

directy dependent on the forces between ions in a material, and simulations which try to 

predict vibrational behaviour cannot be considered valid unless they are able to reproduce the 

features of the vibrational spectrum. The theory and application of atomistic simulations is 

described in more detail in Chapter 5.
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Chapter 3. The Structure and Crystal Chemistry of Sinhalite.

3.1. Introduction.

Sinhalite, MgAlBO^ is the isostructural boron analogue of the geologically important phase 

forsterite, Mg^SiO^ and is named after the Sinhalese word for Sri Lanka - Sinhala because of 

the origin of the specimen from which the first identiftcation of the mineral was made, 

(QaringbuU and Hey, 1952). It is a rare mineral and has since been recognised from only 

about eight localities worldwide, typically occurring as an accessory phase in skam rocks. The 

geological occurrence of sinhalite is described in section 1.5. Sinhalite is one of the few 

naturally occurring non-silicate olivines, and is of interest because it has the smallest olivine 

unit cell and thus represents a "structural end member" of the olivine group.

Sinhalite was found to be isostructural with forsterite by Fang and Newnham (1965) in the 

original structure determination. The present X-ray work was undertaken as a result of crystal 

chemical and Raman spectroscopic data (see Sections 4.4, 4.5 and Hayward et a i  in prep.), 

which were inconsistent with the original structural interpretation of Fang and Newnham 

(1965). Strong Raman peaks are observed in the region 700-750 cm ‘ (Figure 4.4.1), and have 

been assigned to modes dominated by motions of octahedral aluminium-oxygen bonds by 

comparison with isotopic infrared peak assignments for sinhalite (Tarte et a i  1985) and 

polarised infrared data, (Hayward et a i  in prep.). This assignment is in violation of the 

symmetry-based predictions for mode activity given by Factor Group Analysis (FGA), for 

aluminium located on the M l octahedral inversion site, which is predicted to have no Raman- 

active modes for point group mmm, (Table 3.3.1a).

Two explanations for this behaviour have been considered; the first is that aluminium occupies 

a second site in addition to M l, and the second is that the position of the M l cation in 

sinhalite is slightly displaced from the inversion site, which would involve a lowering of the 

symmetry. These two hypotheses have been investigated by combining a high precision X-ray 

structure refinement with microprobe analyses of a suite of three gem-quality sinhalites.
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3.2. X-ray structure determination.

3.2.1. Data collection.

A single crystal fragment measuring 22 x 23 x 24 pm taken from a colourless sinhalite gem 

was selected for X-ray diffraction for its sub-equant morphology and mounted on a glass fibre 

in the normal way. The chemical composition was assumed to be that calculated from 

microprobe analyses, and given in Table 3.3.1 (see also Appendix 3.2). Data collection was 

carried out using a Picker four-circle diffractometer equipped with a Mo X-ray source. 

Preliminary orientation of the crystal was determined from 6 reflections. The unit cell 

parameters were determined from the positions of 24 reflections in the range 20 41-50® 

centred using the method of King and Finger (1979). Unconstrained refinements of the unit 

cell parameters were consistent with orthorhombic symmetry to within experimental 

uncertainty. The refined cell parameters constrained to orthorhombic symmetry were a 

9.8819(5) A. b 5.6813(4) A, c 4.3320(4) A, V = 243.21(3) A, Z = 4. Data were collected in 

constant precision mode with © scans with scan width of 1.0° and step size of 0.025°. All 

possible reflections with hH) out to 20=65° were scanned in order to confirm the systematic 

absence rules. 2  reflections were monitored as intensity and orientation standards during the 

data collection and showed no systematic variation with time. All scans were carefully 

examined and the following reflection conditions determined: Okl, k and l=2n, hkO, h=2n, 

giving diffraction symbol mmm Pn_a and possible space groups Pnma and Pn2ja. An N(Z) 

test and subsequent structure refinement was consistent with the space group Pnma. Integrated 

intensities of the 1747 allowed reflections were corrected for Lp effects and absorption 

(Pi=9.264 cm^) by a method based upon the measurement of the crystal and a Gaussian 

integration to determine path lengths, (programme by R J Angel, based upon Burnham 

(1964)). Transmission factors were 0.88-0.90. The intensities were reduced to structure factors 

and averaged in point group mmm with R;^=0.013 for 476 symmetry-independent reflections 

and Rj^=0.012 for 430 of those with I>30i. Refinements were carried out using RFINE90, a 

development version of RFINE4 (Finger and Prince 1975). The coordinates determined by 

Fang and Newnham (1965) were used as an initial model, and complex scattering factors for 

neutral atoms were taken from International Tables for X-ray Crystallography (1992). 

Refinements were carried out assuming the crystal chemistry [Mgo.9iFeo.oi5Aloo5Do.o25]AlB0 4 , 

deduced from microprobe analyses (Table 3.3.1 and discussion below). Final refined values 

of the stractural parameters, anisotropic temperature factors and extinction parameter (isotropic
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type I, Becker and Coppens (1974)) are reported in Table 3.2.1, and bond lengths and angles 

in Table 3.2.2. Final values of the agreement indices were R=0.017,1^=0.017, Gj=1.60 for 

the 427 unrejected reflections, (6  reflections being excluded because of aberrant intensities). 

A table of observed and calculated structure factors, reported in space group Pnma is given 

in Appendix 3.1.

3.22. Results.

The results of the X-ray structure determination are presented in Tables 3.2.2 and 3.2.3. The 

structure of sinhalite has been refined in space group Pnma (Number 62 in the International 

Tables), as this setting was used in the original structure interpretation (Fang and Newnham 

1965). However, much of the silicate olivine structural literature and virtually all of the olivine 

spectroscopic literature uses the space group setting Pbnm. To facilitate discussion of the 

structural and spectroscopic data, the convention of using the Pbnm setting will be adopted 

for the sinhalite structure, and the data from the X-ray structural determination presented in 

Tables 3.2.2 and 3.2.3 are presented in setting Pbnm. The conversion between settings Pnma 

and Pbnm is given in Table 3.2.1, and matrices for the conversion of the symmetry of the 

structure factors is given in Appendix 3.1.

Table 3.2.1. Conversion of unit cell axes between Pnma and Pbnm settings of space group 62.

Pnma Pbnm

a b
b c
c a

Table 3.2.2. Positional and thermal parameters for sinhalite refined in space group Pbnm.

Site X 7 z

4 Ml* i 0 .0 0 .0 0 .0
4 M2* m 0.01468(10) 0.27606(4) 1/4
4 B m 0.4085(3) 0.0874(1) 1/4
4 o i m 0.7410(2) 0.08063(9) 1/4
4 0 2 m 0.2566(2) 0.44414(9) 1/4
8 03 1 0.2647(1) 0.14876(6) 0.0385(1)
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Table 3.2.2 (continued): thermal parameters.

Site p„ kz P3 3 P.3 P2 3

Ml 0.00103(3) 0.0027(1) 0.0059(2) -0.00001(4) -0.00027(5) -0.0005(1) 0.40
M2 0.00094(4) 0.0031(1) 0.0062(2) 0.00000 0.00007(6) 0.00000 0.41
B 0.0010(1) 0.0037(3) 0.0058(6) 0.00000 -0.0002(2) 0.00000 0.43
0 1  0.00127(8) 0.0033(2) 0.0051(4) 0.00000 -0.0000(1) 0.00000 0.44
02 0.00091(7) 0.0032(2) 0.0062(4) 0.00000 -0.0001(1) 0.00000 0.41
03 0.00106(5) 0.0032(2) 0.0065(3) 0.00025(7) -0.00015(9) -0.0002(2) 0.44

Site occupancies: Ml (Al,.o), M2 (Mg^,, Fcô ois AI0 .0 5  Oaoz))

Table 3.2J. Interatomic distances (A) and bond angles (°) of sinhalite.

Ml site

Bond Lengths (A).

M2 site Tetrahedral site

Ml-Ol 1.9776(6) [2 x] M2-01 2 .2 0 2 ( 1 ) [Ix] B-Ol 1.442(2) [Ix]
M l - 0 2 1.8530(6) [2x] M2-02 2.035(1) [Ix] B-02 1.586(2) [Ix]
M l-03 1.8772(6) [2x] M2-03 2.1192(7) [2x] B-03 1.483(1) [2x]

M2-03 2.0377(7) [2x]

Average 1.903 Average 2.092 Average 1.499

01-02 2.8519(1) [2x] 01-03 3.1338(1) [2x] 01-02 2.543(1) [Ix]
01-02 2.543(1) [2x] 01-03 2.654(1) [2x] 01-03 2.480(1) [2x]
01-03 2.7975(9) [2x] 02-03 3.1566(1) [2x] 02-03 2.354(1) [2x]
01-03 2.481(1) [2x] 02-03 2.8409(9) [2x] 03-03 2.403(1) [Ix]
02-03 2.354(1) [2x] 03-03 2.403(1) [2x]
02-03 2.8939(9) [2x] 03-03 3.2785(1) [Ix]

03-03 2.9811(9) [Ix]

Bond Angles (“).

Angle variance 
QE

OlMl-02 96.18(3) 01-M2-03 75.75(3) 01 B- 0 2 114.18(10
OlMl-02 83.82(3) 01-M2-03 95.41(3) 01-B-03 116.01(6)
01iM103 86.98(3) 02-M2-03 88.47(3) 02-B-03 100.11(7)
0 1  Ml 03 93.02(3) 02-M2-03 98.90(3) 03-B-03 10820(10
02M 103 101.75(4) 03-M2-03 160.11(3)
O2 IMIO3 78.25(4) 03-M2-03 91.62(2)
03M 103 180.00 03-M2-03 107.11(4)

03-M2-03 160.11(3)

67.4089 123.9551 56.6724
1.0201 1.0353 1.0135

ESDs for bond lengths and angles given as the figure in parentheses after the last decimal place. 
Bond multiplicity [Ix] or [2x] shown after bond length.
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3.3. Discussion of the Sinhalite Structure.

3.3.1. The Space Group o f Sinhalite.

The results of the X-ray structure determination are consistent with the space group Pbrun 

{Pnma) as determined by Fang and Newnham (1965). However, the polarised Raman data 

(Section 3.4) raise the possibility that the symmetry of the stmcture may be lower than Pbnm 

because of the observation of modes in the region 700-750 cm ' and their assignment to modes 

involving aluminium. Aluminium located on the inversion site in Pbnm is predicted by Factor 

Group Analysis (FGA) to have no Raman-active modes, (Table 3.3.1a, Section 4.3). If these 

peaks are due to modes which involve aluminium motion, then they violate the FGA 

predictions for Pbnm symmetry and indicate that sinhalite belongs to another space group.

The observed systematic absences hkO, h=2n and Okl, k+l=2n narrow the choice of possible 

space groups to Pbnm and Pbn2j. In the present structure determination, a very good 

refinement was achieved assuming Pbnm as a starting point. Difficulty has been experienced 

previously (Fang and Newnham 1965), in distinguishing between Pbnm and Pbn2j and in 

these authors' determination, Pbnm was assumed to be correct because it gave a satisfactory 

refinement. The small values, (Table 3.2.2) show that if there is any deviation of the 

aluminium in the Ml site from centric symmetry, then it is very small and cannot be detected 

in the present X-ray structure determination. An interesting feature shown in Table 3.2.2 is 

that boron has motion in the stmcture comparable in amplitude with its coordinating oxygens. 

This is in contrast with silicate olivines, in which the central silicon ion is more securely 

"fixed" by the its coordinating oxygens and its motion relative to them is significantly smaller. 

This difference must be related to the presence of boron in the tetrahedral site, and has 

interesting implications for the vibrations of the lattice in connection with the apparent Raman- 

active "aluminium motions", (Section 4.5).

Tables 3.3.1a and 3.3.1b show the results of FGA for sinhalite for both Pbnm and Pbn2j. The 

predictions of the numbers of modes and their activities in the two space groups are very 

different and are compared with the numbers of modes observed in the polarised spectra in 

Table 3.3.2. From Table 3.3.1, it is clear that the spectroscopic data argues strongly in favour 

of space group Pbnm. It was also the spectroscopic data that caused the questioning of the 

symmetry of sinhalite, because of the appearance of Raman bands in the region 700-750 cm '.
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Table 3.3.1a. Factor Group Analysis for Sinhalite in Space Group Pbnm.

Site B:. B3. A. Bu Bz. Ba.
symm. R R R R - IR IR IR

B m 2 2 1 1 1 1 2 2

M 1 (ai) i 0 0 0 0 3 3 3 3
m 2 2 1 1 1 1 2 2

0 ( 1 ) m 2 2 1 1 1 1 2 2

0 (2 ) m 2 2 1 1 1 1 2 2

0(3) 1 3 3 3 3 3 3 3 3

Total 1 1 1 1 7 7 1 0 1 0 14 14

Acoustic 1 1 1

Optic 1 1 1 1 7 7 1 0 9 13 13

Table 3.3.1b. Factor Group Analysis for Sinhalite in Space Group Pbn2,,

Site A. A2 B, B,
symm. IR.R R IR.R IR.R

B 1 3 3 3 3
1 3 3 3 3
1 3 3 3 3

0(1) 1 3 3 3 3
0(2) 1 3 3 3 3
0(3) 1 3 3 3 3
0(3) 1 3 3 3 3

Total 21 21 21 21

Acoustic 1 1 1
Optic 20 21 20 20

Table 3.3.2. Comparison of the number of modes observed in polarised spectra and the number predicted
by FGA for space groups Pbnm and Pbnlj

FGA predictions Observed FGA predictions
for Pbnm* experimentally** for Pbn2;**

A, 11 9 20 A,
B„ 11 8 21 A,
Ba. 7 7 20 B,
B3. 7 7 20 B%
A. 10 - -

Bu 9 8 20 A,
Bu 13 11 20 Bz
Bu 13 11 20 B,

*The‘. full version of the symmetry analysis of sinhalite is shown in Table|4.2.1,
"See Table 14.3.1 and Figure 4.3.1. |***See below for explanation of the number of modes displayed for Pbn2,.
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From Table 3.3.2 it is clear that the FGA predictions for the numbers, symmetry and activity 

for sinhalite assuming Pbnm symmetry are very close to the experimental data, whereas the 

predictions for Fbn2j do not match the numbers of modes observed in the experimental data. 

The large number of modes listed for Pbn2j in Table 3.3.2 arise because most of the modes 

are both infrared- and Raman-active and hence are counted twice. There is therefore strong 

spectroscopic evidence against sinhalite having symmetry Pbn2j, and it is considered most
i

I likely that sinhalite has symmetry Pbnm, and is isostructural with forsterite and the olivine 

mineral group as noted by Fang and Newnham (1965). It is possible to account for the Raman 

peaks in the 7(X)-750 cm^ region within the constraints laid by this symmetry, and the 

occurrence of these peaks is discussed below.

3.3.2. Sinhalite as an olivine: a structural comparison with forsterite.

The olivine structure has been described previously (eg Brown 1982), and only a brief review 

will be given here. The olivine structure is based on a distorted hexagonal closest packing 

oxygen lattice. The MlOg and M206 octahedra form serrated chains parallel to c {Pbnm), 

cross-linked by TO4 tetrahedra. The M l octahedral site is elongated in the direction [131] and 

is smaller than the more distorted M20g octahedron. The MlOg octahedra share two edges 

with other MIO^ octahedra, two with M2 O5 2nd two with tetrahedra, the M2 0 g share two 

edges with MIO^ octahedra and one with a tetrahedron. Shared edges are shorter than 

unshared to reduce cation-cation repulsion and maximise inter-cation separation in accordance 

with Pauling’s third rule, (Table 3.2.3, Figure 3.3.1).

The occupancy of the M l and M2 sites in olivine has been the subject of many studies and 

the following conclusions may be reached for sinhalite regarding the location of aluminium 

and magnesium in the structure. The greater degree of covalent bonding predicted for the M l 

site from Mossbauer isomer shifts is thought to influence M l site species by favouring 

elements with relatively high electronegativity. The smaller size of the M l site in comparison 

to the M2 wiU favour smaller ions. Aluminium has a higher electronegativity and lower ionic 

radius than magnesium and forms bonds with oxygen with a greater degree of covalent 

character than magnesium, which forms more ionic bonds. Hence aluminium is expected to 

occupy the M l site and magnesium the M2 site in sinhalite.

51



Figure 3J.1. Axis-normal projections of the tetrahedral, M l and M2 coordination polyhedra in sinhalite. 

(Bond length scale cm = 1 A. Ionic radii not to scale).

Tetrahedral site

Ml site

M2 site
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The M2 site is larger than the M l, and is more distorted because of the uneven distribution 

of shared edges, (Figure 3.3.1.). The M2 site in sinhalite is similar to that in forsterite, with 

the average M2 - 0  of 2.092 Â in sinhalite just 2 % shorter than in forsterite (2.135 A, Brown 

1970). The sinhalite M2 - 0  distance is also shorter than that of 2 .1 2 0  A for M g-0 predicted 

from ionic radii, (Shannon 1976) which may be explained by the presence of iron, aluminium 

and voids on the M2 site which will all tend to reduce the average bond length. The sinhalite 

M2 site is slightly more distorted than in forsterite, probably because of shorter shared edges 

with the M l and tetrahedral sites, and the greater charge on the M l cation in sinhalite. The 

average M2  shared edge length in sinhalite is 2.558 A and 2.834 A in forsterite and the 

difference between the average shared and unshared M2  edge in sinhalite (0.508 A) is 

significantly larger than that of forsterite (0.286 A). The average Al- 0  bond length is longer 

than the ionic radius-based prediction owing to the distortion of the AlO^ octahedron with two 

long Al-0 1  bonds of 1.9776(6) A compared to the ionic radius-based prediction of 1.885 A 
for Al-0 (Shannon 1976).

The presence of boron and aluminium in sinhalite thus causes considerable distortion of the 

olivine structure relative to the silicate olivines. This distortion may be rationalised in terms 

of electrostatic repulsion between the cations, and the small size of boron and aluminium, 

which with ionic radii of 0.25 A and 0.675 A respectively (Shannon 1976), are the smallest 

tetrahedral and octahedral cations known to enter the olivine structure. The average M l-0  

bond length in sinhalite is 10% lower, and the average tetrahedral cation-oxygen bond length 

9% lower than corresponding bond lengths of forsterite. This results in a low unit cell volume 

of 243.21 A ,̂ which is 19.2% smaller than that of forsterite (289.92 A’, Brown 1970).

In the BO4 tetrahedron, the B- 0 2  bond length is 1.586(2) A, which is abnormally long, being 

0.1 A longer than the average B^ - 0  bond length of 1.48 A, and gives the tetrahedron a 

markedly skewed appearance, (Figure 3.3.1). Each boron is in relatively close proximity to two 

aluminium atoms (Ml^ and Mlg, Figure 3.3.2), and this long bond maximises the boron- 

aluminium separation and therefore probably results from the repulsion between boron and its 

two neighbouring aluminiums. In forsterite, the SiO^ tetrahedron is more equant, with the Si- 

O2 bond only slightly longer than the other Si-0 bonds because of the lower repulsion from 

magnesium in the M l site. The distortion of the AIG^ equatorial bond angles results from the 

sharing of the 02-03  edges with BO4 tetrahedra, and from the elongated B-02 bond which 

"twists" the Al-O bonds about the central aluminium approximately within the equatorial
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plane, (Figure 3.3.2.). Boron-Ml repulsion also causes the relatively short B-Ol distance, 

which maximises boron Ml^ and Mlg separation. These interpretations of the causes of 

tetrahedral distortion in sinhalite are in agreement with the results of recent computer 

simulations of forsterite (Lam et al. 199 ), which indicate the importance of the Ml cations 

in determining tetrahedral distortion.

Figure 3J.2. Schematic representation of the 02-M1-03 distortion caused hy the long B 02 bond.

0 2 -M1-03
101.52(4) -b

O

Boron

Aluminium

Oxygen

3.4. Chemical Analysis and Crystal Chemistry.

EDS electron microprobe analyses were made of three sinhalite gems, colourless, pale yellow 

and green in colour, and also of a fragment of the Natural History Museum sample 1952,36 

(yellow), which was analysed by Claringbull and Hey (1952) in the study which first identified 

sinhalite as a new mineral. Average analyses of the four samples are given in Table 3.4.1 

together with the wet chemical analysis of sinhalite sample 1952,36 (Claringbull and Hey
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1952), and an analysis of a Tanzanian sinhalite, (von Knorring 1967). A complete listing of 

all analyses is given in Appendix 3.2.

3.4.1. Results.

Table 3.4.1. EDS analyses of sinhalites.

1 2 3 4 5 6

B2 0 3 24.2 27.1
MgO 28.55 28.57 28.98 29.24 32.3 31.6
A1*03 42.08 42.11 42.52 41.91 41.0 37.5
FeO* 2.46 1 . 2 1 0.87 2.19
FCjOj 2 . 0 2 . 1

CTzO) 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 1 . 0

MnO 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0.03
NiO 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0

CaO 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0

NhjO 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0

SiOj 0 . 0 0 0 . 0 0 1 0 . 0 0 0 . 0 0

Partial total 73.6 73.13
TOTAL 73.09 71.89 72.37 73.34 97.8 100.23

1: Olive-green gem. 2: Pale yellow gem. 3: Colourless gem. 4: Natural History Museum sample 1952,36. 
5: Original analysis of sample 1952,36, Claringbull and Hey, (1952). 6 : Analysis of Knorring (1967)
A blank entry in the table indicates that a particular element was not included in the analysis.
FeO* = total iron since iron analysed by microprobe as FeO only.

From the averages of the analyses of the four sinhalites given in Table 3.4.1: magnesium and 

aluminium contents are relatively uniform - the MgO and AI2O3 total variations are 0.69 and 

0.63 wt.% respectively. For FeO the variation is greater, being 1.59 wt.%. Analyses 4 and 5 

are both of the same sinhalite sample 1952,36 but comparison of these analyses shows 

significant differences between the present analysis and the original (Claringbull and Hey 

1952): MgO is lower in the present analysis and AI2O3 is higher. In the 1952 analysis, MgO 

and AI2O3 contents are both close to those calculated assuming ideal MgAlBO^ stoichiometry: 

MgO 32.2 wt.%, AI2O3 41.0 wt.% and B2O3 26.8 wt,%. Iron was measured as Fe203 in the 

1952 analysis, but probably occurs almost exclusively in the divalent state in sinhalite (see 

below). The totals for iron in both analyses, allowing for the difference in oxidation, are 

comparable. The presence of chromium and trace manganese in the analysis of Knorring
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(1967) may be explained taking into consideration the reported ’light pink to brownish pink’ 

colour of the specimen. The low AI2O3 content (37.5 wt.%) reported for this sinhalite 

(Knorring 1967), compared to usual values of around 42.0 wt.% suggest that chromium may 

substitute for aluminium on the M l site. The data from Table 3.4.1 for the four present 

analyses (columns 1-4), is displayed in Figure 3.4.1. Although the aluminium, magnesium and 

iron contents of each sinhalite are variable (Figures 3.3.1-3.3.6, Appendix 3.2), no simple 

chemical zonation was apparent from the distribution of the probe analyses. This may indicate 

that no simple chemical zoning is present in these sinhalite specimens.

Figure 3.4.1. Triangular plot of the crystal chemical data from the four sinhalites (wt.% oxide)
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ZS. Pale yellow 
□  Yellow 
#  Green

60

59

-  -

FeO
(wt.%)

55
41 4043 4244 39
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Allowing for analytical error, there is an excess of aluminium above that which is necessary 

to completely fill the M l site. It is clear that the simple M l (Al) and M2 (Mg+Fe) site 

occupancies proposed by Claringbull and Hey (1952) do not adequately explain the chemical 

data. This is seen more clearly in Table 3.4.2, in which the chemical data from Table 3.4.1 

is displayed as cation numbers based on an ideal formula 2(MgAlBOJ. The last two rows 

show the excess aluminium after the Ml site has been totally occupied by aluminium, and the 

occupancy deficiency of the M2 site after it has accommodated all the magnesium and iron 

in the analyses. The data contained in Table 3.4.2 is displayed in Figures 3.4.2-3.4.6. There 

is a clear linear relationship between aluminium and magnesium (Figure 3.4.2), but no 

discernable relationship between aluminium and iron, or between magnesium and iron, 

(Figures 3.4.3 and 3.4.4.). A possible exception are the pale yellow and yellow samples, in 

which there may be a weak relationship between iron and aluminium, with an increase in 

aluminium accompanied by a minor decrease in iron (expressed as Fe^*, Figure 3.4.5).

Table 3.4.2. Sinhalite Analyses as Cation Numbers. 
(Based on ideal sinhalite formula 2(MgAlBOJ

Al
Mg
Fe
TOTAL

1 2 3 4

2.08 2.10 2.10 2.07
1.79 1.80 1.82 1.82
0.09 0.05 0.03 0.08
3.96 3.95 3.95 3.97

0.08 0.10 0.10 0.07
0.12 0.15 0.15 0.10

1: Olive-green gem. 2: Pale yellow gem. 3: Colourless gem. 4: Natural History Museum sample 
1952,36.
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Figure 3.4.2. Relationship between Mg and Al Figure 3.4.3. Relationship between Al and Fe
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Figure 3.4.6a-d. Gradients from straight line fitting of aluminium vs. magnesium data for sinhaJite.

Analyses represented as cation numbers).
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3.42. Discussion.

Two possible octahedral substitution mechanisms to explain the probe data have been 

considered. These are 3Mg # 2A1 + □  and Mg + Fe^  ̂ # A1 + Fe^^, and are shown in vector 

form together with plots of the Mg and A1 cation number data for the four sinhalites in 

Figures 3.4.6a-d. The first mechanism involves substitution of cations on the M l site only, 

whereas the second involves both the M l and M2 sites. Comparison of the gradients of the 

experimental data with those of the ideal substitution mechanisms in Figure 3.4.6a-d clearly 

shows that the substitution 3Mg # 2A1 + O is the most likely. This mechanism has an ideal 

gradient of % which compares well with the experimental gradients of 0.66(4), 0.68(5), 0.71(4) 

and 0.72 for the colourless, green, pale yellow and yellow (1952,36) samples, respectively. 

The second substitution mechanism, Mg + Fe^  ̂ # A1 + Fe^  ̂has a gradient of 1.0, which is 

clearly not a good fit to the experimental data. Support for the mechanism 3Mg # 2A1 + □  

is provided by electronic spectra (Section 3.5), which are dominated by features characteristic 

of transitions of octahedral Fe^ .̂

Figure 3.4.2 indicates that there is a general decrease in iron content of the samples with 

increasing aluminium and magnesium contents, with the four groups of analyses forming a 

systematic sequence diagonally across the diagram. This implies a relationship between iron 

and both of the major Ml and M2 cations. However, Figures 3.4.3 and 3.4.4 which show iron 

plotted against magnesium and aluminium for each sample, indicate that the variation in iron 

within each sinhalite is independent of the magnesium and aluminium contents with a spread 

of iron values at approximately constant magnesium and aluminium.

With the exception of the colourless gem, the gradients of the experimental data are slightly 

above that of the ideal 3Mg # 2A1 + □  substitution which suggests that a second substitution 

mechanism of comparatively minor importance is in operation, and it is proposed that this 

second substitution involves Fe^ .̂ Despite the lack of firm spectroscopic evidence (Section 

2.5), it is considered probable that the yellow sinhalites contain small amounts of Fe^*. Colour 

is usually of little diagnostic use as an indicator of mineral chemistry because of ambiguity 

in the interpretation of results. However, it is notable that significant deviation from the ideal 

substitution 3Mg # 2A1 + □  occurs only in the two yellow sinhalites, suggesting that these 

may be considered separately from the green and colourless samples.

The green and yellow (but not the pale yellow) sinhalites have significantly overlapping ranges
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of iron content (Figure 3.4.3). Comparing Figures 3.4.3 and 3.4.4 within this overlapping 

region, it can be seen that for a given value of iron, the green sinhalite has generally less 

magnesium and more aluminium than the yellow sinhalite. The close to ideal gradient in 

Figure 3.4.6d for the green sinhalite indicates that the iron in this sample in virtually all 

present as Fe^*, and assuming that the yellow sinhalite contains mostly Fe^  ̂with minor Fe^ ,̂ 

then the observations from Figures 3.4.3 and 3.4.4 may be explained as follows: a greater 

quantity of iron replaces magnesium in the M2 site in the green sinhalite, lowering Mg relative 

to the yellow sample, in which some iron replaces aluminium on the M l site, lowering A1 

relative to the green sample.

Figure 3.4.5 shows iron and aluminium cation data for the yellow and pale yellow sinhalites 

only. The data fall into two groups, representing the two samples and both showing weak 

negative correlation between Fe and Al. In the pale yellow sinhalite, a relatively large decrease 

in aluminium is accompanied by a smaller increase in iron. In the yellow sample, correlation 

is less clear because of the greater scatter in the data, but there appears to be approximately 

equal decrease in aluminium and increase in iron, indicating a stronger relationship between 

these two elements in the darker yellow sinhalite, and hence greater degree of iron for 

aluminium substitution on the M l site. In Figure 3.4.4, it is seen that aluminium and iron vary 

independently in the colourless and green samples. The conclusion from interpretation of the 

chemical data is therefore that minor Fe’  ̂ may be present in sinhalite, probably substituting 

for Al^  ̂on the M l site, and occurs in greater concentration in the yellow samples.

The simultaneous operation of 3Mg # 2A1 + □  together with minor substitution by the 

mechanism Mg + Fe^  ̂# Al + Fe^  ̂would tend to increase the substitution vector gradient from 

% towards a value of 1.0. Assuming that only these two mechanisms occur, the relative 

importance of each may be calculated by vector addition, the results are displayed in Table

3.4.3.
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Table 3.43. The relative importance of substitutions 3Mg # 2Al + □  and Mg + Fe^ # Al + Fe^
in the four studied sinhalite samples.

Sinhalite Sample

Yellow 
Pale yellow 
Green 
Colourless

Relative importance of substitution mechanism 

3Mg # 2A1 + □  Mg + Fe^  ̂ # Al + Fe^^

0.788
0.857
-1
1

0.212
0.143

-0
0

It is not possible to calculate the amount of trivalent iron in the samples from this data. It is 

clear from these ratios that trivalent iron is present in the sinhalites only in trace amounts. It 

should be noted, however, that the formulae given above charge balance perfectly assuming 

that only Fe is present.

The mineral formulae of the colourless and green sinhalites may be written directly from the 

probe data since they contain at most negligible trivalent iron. The formulae below are based 

on an ideal mineral formula i2(MgAlB0JI

Colourless

Green

1.81 7 fG o Q 3 o ,A l( )  101 ,C lo .0 5 2 )  B 0 ^ ] 2

( ^ E i .786»P ^0.086»^^ O .085>^0.043)^ 2[® O 4]2

The formulae of the yellow sinhalite samples (assuming aU iron is present as Fe^O are

Pale yellow 

Yellow

(^ S l.8 0 lfG o 0 4 6 ,A ]o  io 2 ,O o o si)A l2 [B 0 4 ]2  

( ^ 8 1 .820’P®0.077> ̂ ^ .0 6 9 * ^0 .0 3 2 )  ̂ 2 t  B O J 2
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3.5. Visible and Near Infrared Spectroscopy.

3.5.1. Introduction.

Visible and near-infrared (NIR) spectra of the three sinhalite gem samples were collected. The 

purpose of this work was to investigate the possibility of Fe^ being present in the samples, 

especially the two yellow gems, which may have a substitution mechanism slightly different 

from that of the colourless and green gems (Figure 3.4.6.) as discussed above. Specially cut 

and polished slices from the pale yellow and green gems of thickness 0.95 mm and 1.03 mm 

respectively were used and the whole colourless gem (2.7 mm thick), since this already had 

parallel polished faces from the Raman investigation (Section 4.5). The polarised electronic 

spectra of an olive-brown sinhalite were studied by Farrel and Newnham (1965).

3.5.2. Experimental Procedure.

Thin slices (~1 mm thick) were cut from the green and pale yellow gemstones with a diamond

saw. Optical quality surfaces were polished on both sides of each slice using a Kent 3 lapping

machine and 3p and Ip diamond pastes, each for about 1 hour per face. After polishing the 
10.943 mm 0.997 mm

thicknesses of the slices was ^and \for the green and yellow slices respectively. The colourless 

sinhalite had two such faces polished previously for Raman spectroscopy and no further 

preparation was necessary for the present work. Near-infrared (NIR) and visible absorption 

spectra were collected using a Bruker IFS88  spectrometer with a mercury lamp source and 

detector.

3.5.3. Results and Assignment.

The spectra are displayed in Figures 3.5.1a-c and peak frequencies are given in Table 3.5.1. 

Peak heights cannot be compared because of the differing thicknesses of the samples. There 

is reasonable agreement between the present unpolarised data and the polarised band positions 

of Farrel and Newnham (1965), which are reproduced in Figure 3.5.2.

The dominant feature in all the spectra is a broad, intense peak and shoulder centred on 

approximately 10000  cm^ which is caused by the ^ 2g transition of octahedrally

coordinated Fe^  ̂ (eg. Bums 1970a,b) and is a diagnostic feature of this coordination and 

valency if iron. There is variation between the samples of the separation of the peak and 

shoulder.
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Figure 3.5.1. Visible and near infrared absorption spectra 
of colourless, pale yellow and green sinhalites.
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Figure 3^.2. Visible and near infrared polarised absorption spectra of sinhalite (yellow specimen) at 77K

(from Farrel and Newnham (1965)).
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Table 3.5.1. Visible and Near Infrared Peak Positions of the Sinhalites (cm'^).

Green Pale Yellow Colourless Farrel and Newnham (1965) 

b

23700
23000
22560
22310

10387
9338
3298
2805
2305

< 2000*

19894

9515
9064
3313
2860

2229

10344
9125
3294
2810
2357
2168

25000
24390

22222
21739
20408
19048
14925
10417
9346
3372

26316
25641
25000

22222
22422
22222
21739
20408
19048
14925

9524

Band maximum below the NIR wavenumber region minimum (2000 cm '), therefore not seen on the spectrum.
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The spectrum of the green sinhalite contains a complex region between 22000 and 24000 cm * 

on the violet absorption edge. This region is close to the detection limit of the detector of the 

spectrometer and may therefore represent spurious artifacts of the experimental apparatus. If 

this is not the case, for reasons described below, the most likely origin for these peaks is spin- 

forbidden transitions of Fe^ .̂ However, from consideration of the chemical data and the 

interpretation of the substitution vector gradients (Figure 3.4.6, Table 3.4.3), there may also 

be a possibility that spin-forbidden Fe^  ̂ transitions may occur in this region as these are 

normally observed at around 23000 cm *. The spectra of the olive-brown sinhalite (Farrel and 

Newnham 1965) contains several bands in the 22(X)0-24000 cm* region which are 

characteristic of octahedral Fe^* (Bums 1970). The occurrence of these bands is in agreement 

with the conclusions reached for iron valency in sinhalite from the chemical data (Section 3.4). 

However, no bands are observed in the 22000-24000 cm * region of the pale yellow sinhalite. 

This does not necessarily suggest that this sample contains no trivalent iron: the baseline of 

the pale yellow sample’s visible spectrum is higher relative to the height of the peak at 

approximately 1(X)00 cm * compared to the baselines in the spectra of the green and colourless 

samples, and could be masking any peaks that may occur in the 24000-22000 cm * region due 

to the weak Fe’  ̂ transitions. In conclusion, from the chemical substitution and electronic 

spectroscopic data of Farrel and Newnham (1965), it is considered that sinhalite can 

accommodate a low but variable quantity of Fe A more detailed, polarised visible and NIR 

study of sinhalites, including daik green and dark brown specimens whose iron content is 

higher, might help to resolve the ambiguity between the chemical and spectroscopic data.

3.6. Discussion.

Detailed X-ray structure and crystal chemical investigations together with the polarised 

vibrational spectroscopic studies described in Chapter 4 have identified appa rent 

inconsistencies with previously reported data for sinhalite (Fang and Newnham 1965). 

Although the spectroscopic data presented in Table 3.3.1a and b support the X-ray structure 

determination and identification of space group Pbnm for sinhalite, it is still necessary to 

explain the Raman peaks in the 700-750 cm * region.

From the present X-ray data (the high quality of the refinement and the cation-oxygen 

bondlengths for the three cation sites), and also from the substitution synthesis experiments'
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of Wending et al. (1981), it is concluded that the major cations (B, Mg, Al) in sinhalite are 

well ordered. The B -0 bond lengths agree well with those in other minerals containing B ^-0  

and do not indicate the existence of substitution for boron by larger cations such as aluminium 

or silicon. The data of Wending et al. (1981) indicates that these substitutions do not occur 

in sinhalite. Silicon is almost certainly present in the fluids from which sinhalite crystallises 

as it usually occurs in association with the borosilicate serendibite. No silicon was detected 

in the present probe analyses of sinhalite. Hence the tetrahedral site is concluded to contain 

only boron. The octahedral site occupancies are difficult to determine directly from X-ray 

investigations since magnesium and aluminium both have extremely similar X-ray scattering 

factors, and neutron dif&action would be necessary for a direct determination of site 

occupancies. However, the existence of ordering of Al and Mg on the M l and M2 sites 

respectively in sinhalite is asserted from the X-ray data because of the excellent refinement 

achieved when this ordering is assumed to be present, and because the M 1-0 and M2-0 bond 

lengths suggest that these bonds are predominantly A l^-0  and M g^-0 respectively.

Two substitution mechanisms operate in sinhalite, 3Mg # 2A1 + □  which is the main 

mechanism and a subordinate mechanism Mg + Fe^  ̂# Al + Fe^*. The relative importance of 

these two substitutions manifests itself most obviously in the colour of the mineral, and is not 

primarily related to the total iron content, (although the intensity of the colour is). The 

presence of differing proportions of Fe^*and Fe^* in sinhalite may reflect varying po% conditions 

in the growth environment. A study of sinhalites by Mossbauer spectroscopy would resolve 

the quantities of Fe^* and Fe^  ̂ present and their positions in the structure, and electronic 

spectra of more iron-rich specimens should provide better support for chemical data than the 

present spectra.

There appears to be significant substitution only on the M2 site, which can accept Fe^*, AP^ 

and probably C i^ (Knorring 1967), at levels up to approximately 0.2 cations per 2 (MgAlB0 4 ) 

(Table 3.4.2). The M2 site is the most reasonable location for substitution, being the largest 

and most distorted octahedral site. There is no information on the maximum extent to which 

substitution into the octahedral sites of sinhalite may occur, but it is noteworthy that the 

formula of no analysed natural sinhalite deviates far from the ideal mineral formula MgAlBO^. 

The M l site accepts Fe^ ,̂ but this substitution is of relatively minor importance, and Fe^  ̂is 

probably only a trace constituent. The extent to which the substitution 3Mg # 2A1 + □  may 

proceed will ultimately be controlled by the tolerance of the crystal structure to local charge
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imbalances caused by the accommodation of on the M2 site, and to the stnictural defects 

caused be the M2 voids. The low unit cell volume of sinhalite is probably a significant 

contributor to the observed intolerence of this olivine to chemical substitution.

Wording et al. (1981) attempted to produce solid solutions between sinhalite and forsterite, 

(MggSiOJ by introducing silicon, and between sinhalite and spinel, (MgAl204> by introducing 

aluminium in a series of gel growth experiments at elevated temperature and pressures up to 

20 kbar. Neither of these attempts to produce tetrahedral site substitutions was successful, with 

the unit cell parameters of the sinhalite synthesised identical to those of pure MgAlBO^ to 

within experimental error, and the appearance of silicate, borosilicate borate and aluminous 

phases in addition to the sinhalite in the run products. This strongly suggests that neither 

silicon or aluminium may enter the tetrahedral site in the sinhalite structure, and that no solid 

solution exists between sinhalite and forsterite or spinel. From this, it seems likely that the 

sinhalite formula given in Werding et al. (1981), (Mgo95F e \ , 5Alo9i)2oi(Alo.63Sio.o6Bo.3i)0 4  

calculated from an analysis reported by Shabynin (1956) is incorrect, since it implies major 

substitution of aluminium and minor silicon into the tetrahedral site. This analysis probably 

represents an impure phase, possibly contaminated by inclusion phases as sinhalite is known 

to contain inclusions of zircon, apatite, mica, rutile and fluids (Gunawardene and Gunawardene 

1986).
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Chapter 4. Polarised Single Crystal Reflectance Infrared 

and Raman Spectroscopy of Sinhalite, MgAlBO^.

4.1. Introduction.

The olivine group of minerals have been extensively studied by infrared (IR) spectroscopy, 

mostly by powder techniques. Tarte (1962, 1963), Moenke (1962, 1966), Paques-Ledent and 

Tarte (1973), Duke and Stevens (1974). Forsterite has been the subject of several polarised 

single crystal IR and Raman studies, (Servoin and Piriou 1973; liishi 1978; Hofmeister 1987; 

Reynard 1991; Chopelas 1991), several of these studies used pure, synthetic end member 

forsterite. Polarised IR and Raman data are available for fayalite, Fe^SiO^ (Hofmeister 1987; 

Chopelas 1991), and polarised Raman data also for Fogg olivine, monticellite (CaMgSiO^), 

(Chopelas 1991) and tephroite (Mn^SiO^), (Stidham et al. 1976). There are several IR data sets 

for sinhalite: an unpolarised single crystal study (Hohler and Funck 1969), a and ^^Mg- 

substituted KBr study of end member MgAlBO^ (Tarte et al. 1985), and several calculated 

spectra, (Funck 1967; Ross 1969, 1972). Two attempts to collect sinhalite Raman data have 

yielded little success (Ross 1972; Tarte et al. 1985).

The present results represent the first polarised single crystal IR and Raman spectra for 

sinhalite. Some of the Raman bands were in violation of symmetry-based predictions for mode 

activity determined from the previous structural interpretation (Fang and Newnham 1965), and 

prompted a redetermination of sinhalite structure, and detailed crystal chemical investigation 

(Chapter 3), which have permitted a fuller explanation of the spectroscopic data, and given 

rise to a reinterpretation of the crystal chemistry of sinhalite. The data was collected from 

large (0.5-1 cm-sized), crystallographically oriented sinhalite gems in the regions 5000-100 

and 1300-0 cm^ for IR and Raman respectively, according to the methods detailed in Section

4.2. Crystal orientations and polarisations are illustrated in Figures 4.2.1 and 4.2.2. No 

experimental thermodynamic data has been reported for sinhalite, and the spectra are used to 

predict the heat capacity and entropy at constant volume and pressure using the lattice 

vibrational model developed by Kieffer (Kieffer, 1979c, 1985), (section 4.5).

In interpreting the present data, the assumption has been made that the cation groups BO4, 

AlOg and MgO^ may be considered, to a first approximation, as discrete entities or "clusters"
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with regard to their cation-oxygen vibrations in the lattice (Section 2.3). This assumption is 

implicit in the use of Site Group symmetry Analysis, (SGA) to enumerate these "internal" 

vibrational modes of these cation groups, as this technique requires that mixing of vibrations 

between the various groups is relatively unimportant. Although spectroscopic data (notably the 

isotopic studies of Tarte et a/. 1985 and Paques-Ledent and Tarte 1973), illustrate that mixing 

does occur, the validity of the cluster approximation is supported in olivines by the distinct 

separation of groups of modes such as O3 ,0 4  or MgO^ motions into distinct and recognisable 

groups of peaks in the spectra and by the correct enumeration of mode numbers and 

symmetries by SGA, leading to comprehensive mode assignment for forsterite, (Servoin and 

Piriou 1973; Hofmeister 1987 and Reynard 1991).

4.2. Experimental Procedure.

Three faceted sinhalite gemstones of various colour (olive green, pale yellow and colourless) 

were crystallographically oriented by back-reflection Laue photography with a Cu source at 

30 kV and 20mA. The gemstones were mounted in Araldite resin and faces perpendicular to 

the crystal axes of the gemstones were polished using a Kent 3 lapping machine with an iron 

lapping plate and 12pm diamond suspension, a Kemet iron plate and 6 pm diamond paste, a 

Kemet copper plate and 3 pm diamond paste, and finally a Kemet tin plate and 1 pm diamond 

paste. Optical quality faces of 2-4 mm^ were obtained.

Infrared spectra were collected in the range 5000-100 cm * using a Bruker IFS88  FTIR 

spectrometer supported by Aspect 1000 control and data processing software. A Specac A510 

reflectance accessory with an incidence angle of 11° was used. Mid-infrared (MIR) data (5000- 

450 cm'*) was collected at 1 cm * resolution using a Globar radiation source, a MCT 

(Hg,Cd,Te) liquid nitrogen-cooled detector and a Ge-coated CaFj beamsplitter. Far-infrared 

(FIR) data (600-1(X) cm'*) was collected at 4 cm * resolution using the Globar source, a DTGS 

detector and 6  pm Mylar beamsplitter. The sample and polarisation geometries used to collect 

the polarised infrared spectra are illustrated in Figure 4.2.1.
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Figure 4.2.1. Crystal orientation and polarisation directions used to collect

single crystal polarised infrared spectra  o f  sinhalite.
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Figure 4.2.2. Crystal orientation and polarisation directions used to collect

single crystal polarised Raman spectra of sinhalite.
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Raman spectra were collected from the colourless sinhalite only because of the possibility of 

fluorescence caused by minor iron in the other two gems. The spectra were collected at 1 cm'^ 

resolution in the range 1300-0 cm'^ at liquid nitrogen temperature (sample temperature 

approximately 80K) under a vacuum of 10^ Pa using a Spex 1401 Double Grating 

spectrometer with a Burle single channel detector and a Coherent 1-70 Ar^ laser. The laser 

excitation wavelength used was 514.5 nm with step size 0.5 cm \  an integration time of 2 

seconds and slit width of 200 pm. The sample and polarisation geometries used to collect the 

polarised Raman spectra are illustrated in Figure 4.2.2.
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4.3. Symmetry Analysis.

The symmetry analysis of the olivine structure has been previously described in detail by 

Factor Group Analysis (PGA) and Site Group Analysis (SGA) (Servoin and Piriou 1973, 

Hofmeister 1987). Of the 84 vibrational modes, 35 are infrared-active, 36 Raman-active and 

10 inactive. The modes and their division according to types of motion and cation involved 

are presented in Table 4.3.1. Note the distinction made between M l and M2 sites in the table. 

This is necessary because of substitution of aluminium onto the M2 site, revealed by chemical 

analyses, (Section 3.4). As explained above (Section 3.2), the Pbnm setting of space group 62 

is used to facilitate comparison with the olivine structural and spectroscopic literature.

Table 4.3.1. Classification of modes (Pbnm setting) for sinhalite by 
Factor Group and Site Group Analysis, (after Hofmeister 1987).

Site A. « 2, Ba. A. Bu B2 . 8 3 .
synun. R R R R - IR IR IR

B m 2 2 1 1 1 1 2 2

^l(Al) i 0 0 0 0 3 3 3 3
m 2 2 1 1 1 1 2 2

0 (1 ) m 2 2 1 1 1 1 2 2

0 (2 ) m 2 2 1 1 1 1 2 2

0(3) 1 3 3 3 3 3 3 3 3

Total 1 1 1 1 7 7 1 0 1 0 14 14

Acoustic 1 1 1
Optic 1 1 1 1 7 7 1 0 9 13 13
BO4  internal >̂1 >̂1

^ 2 ^ 2 ^ 2 ^ 2 ^ 2 ^ 2

2 1 ) 3 2i>3 ^ 3 ^ 3 ^3 2 1 ) 3 2 1 ),
2 1 ) 4 2 1 ) 4 4̂ ^4 ^4 2 1 ) 4 2 1 ) 4

BO4  rotation 1 1 2 2 2 2 1 1
BO4  translation 2 2 1 1 1 1 1 1
M l.^  translation 0 0 0 0 3 3 33

translation 2 2 1 1 1 1 2 2

In Table 4.3.1 the "internal" modes of the BO4 tetrahedron are labelled These modes 

may be described as follows for an isolated, regular tetrahedral molecule: Di is the singly 

degenerate symmetrical "breathing" stretching motion of the tetrahedron, is the doubly 

degenerate symmetric bending motion, 1)3 is the triply degenerate antisymmetric stretching
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motion and is the triply degenerate antisymmetric bending motion, (see Figure 4.3.1).

Figure 4 J .1 .  T he norm al vibrations o f  an isolated tetrahedral m olecu le, (from  H ertzberg 1945, p 100).

E

FI

4.4. Infrared Spectroscopy.

4.4.1. Introduction.

The present polarised sinhalite infrared spectra show very good agreement with previous, 

unpolarised single crystal (Hohler and Funck 1967), powder, (Tarte et al. 1985), (Ross 1972) 

and calculated spectra (Funck 1967; Ross 1969; Ross 1972), (Table 4.4.1). Close similarities 

in relative infrared peak positions are also evident between sinhalite and its silicate isomorph.
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forsterite, for which several polarised single crystal data sets exist, (Hohler and Funck 1967; 

Servoin and Piriou 1973; Hofmeister 1987; Reynard 1991).

The infrared spectra, (Figure 4.4.1-3) are apparently free from the overtones which occurred 

in Hofhieister's (1987) forsterite spectra, but minor polarisation mixing has occurred in some 

spectra. 31 modes out of the 35 infrared active modes predicted by FGA are observed in the 

sinhalite spectra (9 11 and 11 B^J. Peak positions listed in Table 4.4.1 are taken

directly from the reflectance spectra by assuming that the LO and TO positions lie at half 

intensity on the high and low energy sides of the peaks respectively. Kramers-Kronig analysis 

was not used because the angle of incidence used in these experiments was not 90®. A similar 

procedure used for forsterite (Hofmeister 1987) found these positions are within experimental 

uncertainty of positions derived by Kramers Kronig analysis (liishi 1978) and classical 

dispersion analysis (Servoin and Piriou 1973). The infrared spectra of the three sinhalite. 

specimens studied are identical, with the slightly different compositions (Table 3.4.1) causing 

no detectable difference between them. This is not unexpected as vibrational spectroscopy is 

insensitive to compositional changes of the order of one or two weight percent in most 

instances, provided that no associated structural changes occur. The spectra shown in Figures 

4.4.1-4.4.3 are those of the colourless gem.

The isotopic infrared studies of sinhalite (Tarte et al. 1985) and forsterite, (Paques-Ledent and 

Tarte 1973), have provided a valuable aid to the assignment of the spectra. Although sinhalite 

has been synthesised, (Werding et al, 1981; Tarte et al, 1985), no chemically substituted 

isomorfrfis have been produced. However, because of the close similarities between the 

polarised infrared spectra of sinhalite and forsterite and to a lesser extent other olivines, use 

can be made of the extensive infrared literature for the olivine group, although the presence 

of aluminium in sinhalite causes some complications in applying such comparisons.

Modes have been assigned using the technique employed by Hofmeister, (1987) of counting 

down from the highest and up from the lowest frequencies using FGA predictions of the 

number of modes in each polarisation, and assigning the remainder by a process of 

elimination.
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4.42. Infrared Band Assignment.

B,.

The broad, single band of Bi„ occurs at 1093-898 cm'^ and has a pronounced minimum at 

1013-1016 cm'*, (Figure 4.4.1). In polarised forsterite spectra (Servoin and Piriou 1973; 

Hofmeister 1987) and olivine (Reynard 1991), a minimum is also observed and the band is 

inteipreted as a single mode in accordance with FGA predictions. The minimum is considered 

to arise from polarisation mixing (Reynard 1991), and in the present spectra, corresponds to 

a LO mode of the or B̂  ̂ spectrum, probably the B̂ ,̂ (Table 4.4.1). The LO-TO splitting 

for this mode is 194 cm'*, which is 90-100 cm * greater than for forsterite. A low intensity 

parasitic band occurs at 787 cm *. This is too low for a band and since no mode is 

expected in this polarisation, this band must arise from polarisation mixing with the B̂  ̂

polarisation, as a LO mode occurs at 795 cm * in the B̂  ̂ spectmm.

The intense band at 731-692 cm * with a distinct shoulder on the high energy side is of too 

high a frequency for a or a MgO^ mode. It is insensitive to *®B substitution (Tarte et al. 

1985), while modes involving boron are expected to show noticeable shifts in this 

wavenumber range. This band is therefore assigned to AlOg. Strong bands due to AlOg in 

aluminosilicate minerals such as andalusite (Salje and Wemeke 1982) lie at approximately 700 

cm *. The band extends slightly towards lower wavenumbers at low intensity. This is due to 

a sharp, low intensity parasitic atmospheric COj bending band at 667-668 cm'*, which is seen 

more clearly in the B%u spectrum (Figure 4.4.2).

The sharp band at 609-583 cm * is assigned to the single Bi„ mode. This is slightly higher 

than expected for the antisymmetric BO4 bending mode, which is observed and calculated to 

lie in the range 580-520 cm'*, (Table 4.4.1). Although it has no detectable *°B shift, (Tarte et 

al. 1985), the magnitude of isotopic peak shifts has been demonstrated by the same authors 

to decrease rapidly at wavenumbers below about 600 cm *. Application of the Teller-Redlich 

product rule gives *®B-**B shifts of only 3 cm * at 6(X) cm * and 2 cm * near 450 cm'*, which 

approach instrument resolution in the FIR range. These values do not include the effects of 

interaction with other lattice modes, which will probably cause lowering of the amount of 

shift. The lack of *°B shift could alternatively support assignment to an AlO^ mode since in 

minerals containing AlOg such as andalusite, (Salje and Wemeke, 1982), reported AlO^ peaks 

occur at approximately 6(X) cm *. This band is, however assigned to since there is a gap of
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Figure 4.4.1. The B,„ reflectance spectrum of sinhalite.

22

11

0

8001200 1000 600 400 200

I

Wavenumber (cm'^)

77



approximately 250 cm'‘ between it and the lowest frequency U3 mode, which is a feature seen 

in most other olivine spectra. A 2-3 cm^ lowering of wavenumber with substitution is 

too small to be conclusive, but may suggest coupling with M2 motion.

Assignment of bands below this wavenumber is problematic because of overlapping of 

fundamentals from all cation groups. The band at 570-548 cm^ cannot belong to *04 as this has 

already been assigned, and is of substantially higher wavenumber than expected for Ug (480- 

350 cm *) or MgO^ (less than 500 cm'*) (Tarte et al. 1985). It is therefore assigned to an AlOg 

motion.

At low wavenumbers, two bands are observed at 336-320 cm * and 220-210 cm *. There is the 

possibility that the 2 2 0 -2 1 0  cm * peak may be due to a strong rotational motion of water 

observed in previous work at 225 cm * (eg Reynard, 1991), but it is not assigned to water here 

because of its slightly lower wavenumber and relatively larger width compared to normally 

sharp water bands, and also since other reported water bands at 244 and 150 cm * do not 

appear in the spectrum. The 220-210 cm * band is assigned to the BO4 rotational mode, which 

should occur at lower wavenumbers than Mg motions owing to the greater mass of the BO4 

tetrahedron. A firm assignment cannot be made for the peak at 336-320 cm *. The most likely 

assignment, because all other motions are accounted for, is to rotational/translational 

movement of the whole BO4 group. Because of its position, this mode may instead represent 

an MgOfi mode, but its low intensity (Figure 4.4.1) compared with the mode at 330 cm * in 

the spectrum of Tarte et al. (1985) which they speculated to be a MgO^ mode on the basis of 

^^Mg substitution calls this into question. A better candidate for the single MgOg mode 

expected in the B,„ polarisation occurs at 425-401 cm'*, which corresponds to another 

speculative MgOg assignment of the same authors, as it displays a small, but inconclusive “ Mg 

shift of 3 cm * (Tarte et al. 1985).

The BO4 x>2 mode and one of the AlO^ modes remain to be assigned. It is not possible to 

suggest conclusively a position for the U; band as it is not possible to isolate the Uj mode from 

the sinhalite spectrum, and the data for forsterite is contradictory. Servoin and Piriou (1973), 

and Hofmeister (1987) have assigned intense peaks at approximately 415-455 cm * to 

Reynard (1991) assigns a weak, sharp peak at 472-482 cm * to Uj, and has modified the 

original assignments of the other two authors to coincide with his own without explanation, 

(see Reynard 1991, Table 2). For sinhalite, the most likely assignment for the “Uj mode and
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the last unassigned A10<; mode is to the closely-spaced bands between 533 and 485 cm *, 

which form the pooriy resolved, moderately intense feature centred on approximately 500 cm *. 

This position is appropriate for an A10<j mode, and agrees with the 500-450 cm * range of 

occurrence of 1)% modes calculated by Ross (1969).

Bz.

The two U3 modes of this polarisation occur at 1101-1082 cm * and 10(X)-889 cm *, (Figure

4.4.2). The former band is of low intensity and relatively sharp, while the latter is intense and 

broad. Weak activation of the higher wavenumber 1)3 mode also occurs in the forsterite spectra 

of Hohler and Funck (1967), and Servoin and Piriou (1973) where it is of lower intensity than 

the "forbidden" U; mode. However in the spectra of Hofmeister (1987) and Reynard (1991), 

this peak has approximately half the intensity of the major U3 band and exceeds in intensity.

The \)i band itself is again separated from the 1)3 bands. It has the highest intensity relative 

to the 0)3 and 0)4 bands in this polarisation. A small element of the 63  ̂Uj mode may occur in 

the Bju spectrum as the low energy side of the band is slightly drawn out towards the 63  ̂LO 

mode position of 785 cm *. The band at 713-685 cm * is assigned to the AlO^ group and is the 

lowest intensity aluminium peak of the triplet.

The same considerations described for similar bands in the Bi„ spectrum also apply here, the 

band at 611-578 cm * is assigned to U4 of BO4 on the basis of position and intensity as the 

lack of *®B shift does not imply non-participation of boron in the mode. Assignment of the 

second U4 band in the complex region between 560 and 500 cm * is problematic, and will be 

delayed until lower frequency areas have been considered.

An intense doublet occurs with components at 527-502 cm * and 514-475 cm *. The lower 

wavenumber component undergoes no *®B shift, but has a 5 cm * ^ ^ g  shift (Tarte et al, 1985), 

and may thus be assigned with certainty to MgO^. The higher wavenumber component has a 

distinct shoulder at 536 cm * and both are candidates for being the second 1)4 band. 

Complicating matters is the strong possibility that AlO^ bands also occur in this wavenumber 

range, so definite assignments are not possible.
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Figure 4.4.2. The 8 %̂ reflectance spectrum of sinhalite.
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A moderately intense band at 436-399 cm'  ̂may also possibly be assigned to MgO^, however 

the small ^®Mg shift of 2-3 cm'^ reported by Tarte et a l  (1985) is similar to the resolution of 

the spectrometer used and does not allow firm assignment, as this peak also falls in the 

expected range of “Oj and AIO5 modes. Support for assignment to MgO^ comes from the 

isotopic data for forsterite (Paques-Ledent and Tarte 1973) as a band with a ^ ^ g  shift of 5 

cm'^ is seen at 425 cm *. Since the MgO^ octahedra are rather similar in both forsterite and 

sinhalite, then there is likely to be correspondence between modes of the two minerals. Bands 

at approximately 5(X) and 300 cm * in forsterite also correspond to sinhalite modes at 490 and 

330 cm * thought to be related to MgO^. Differences in the positions of these peaks between 

the two minerals could be partly caused by coupling with different cations (B^, Al^*, Mg^* in 

sinhalite; Sî ,̂ Mg^  ̂in forsterite), in addition to the stmctural differences between the lattices. 

From the isotopic data, this band is tentatively assigned to MgO^. This band has a prominent 

shoulder at 375-380 cm *, which corresponds to a similar, strong shoulder in the Bj  ̂spectrum, 

see below.

At low wavenumbers, two bands are identified; one at 335-320 cm'*, (which corresponds 

almost exactly with the Bi„ band at 336-320 cm'*), the other at 226-217 cm *. The most 

plausible assignment for the latter is to a BO4 rotation or translation mode on the basis of its 

position. The 335-320 cm * band lies in the region of the 330 cm * peak noted by Tarte et a l 

(1985) to have a possible, although small and inconclusive ^ ^ g  shift. Thus three possible Mg 

bands occur in the B̂ » spectmm, but only two can be assigned from FGA predictions.

B3.

The two x>2 bands of this polarisation occur at 1227-1065 and 1030-950 cm'*, (Figure 4.4.3). 

A shoulder on the high energy side of the 1227-1065 cm * peak at approximately 1207 cm * 

is similar to those seen in the forsterite studies of Servoin and Piriou, (1973) and Reynard 

(1991). A fiirther minimum on the low energy side of this band at approximately 1095 cm * 

probably arises from polarisation mixing with the Bi„ LO mode at 1093 cm *. There is no 

possibility of polarisation mixing for the 1207 cm * shoulder as it occurs on the highest 

wavenumber LO mode in the sinhalite spectmm. The slight "bulge" at approximately 930 cm * 

is unexplained. The relatively sharp and symmetrical band at 796-773 cm * is assigned to \)i 

from its position and FGA predictions.
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From assignments described for and the intense band at 742-689 cm'^ is assigned to 

AlOg and the band at 620-601 cm^ to The band at 576-543 cm'^ corresponds in position 

to the band at 570-548 cm^ assigned to AlOg in the Bi„ spectrum. Reynard (1991) assigns the 

intense band adjacent at lower wavenumber to to 1)%, and does not assign the second 1)4 

band predicted by FGA. The band at 576-543 cm‘‘ cannot represent a motion since its 

position is at considerably higher wavenumber than is normally associated with the BO4 1)% 

modes (480-350 cm'^). It could be the second 'O4 mode although no conclusive isotopic shift 

was observed by Tarte et a i  (1985) and possible assignment to AlO^ motion cannot therefore 

be ignored.

The relatively broad and complex-looking feature extending between 536 and 475 cm'^ is 

probably a composite. Its main component corresponds to Tarte et a is  (1985) 490 cm^ peak 

assigned to MgO^ on the basis of a 5 cm'^ “ Mg shift The present band has a shoulder at 

approximately 525 cm'^ and an asymmetric low energy profile, and probably contains one or 

more modes from x>2 and/or AlO^. The second MgO^ band for this polarisation is assigned 

to the most intense band of a doublet at approximately 400 cm \  The MgO^ peak at 427-378 

cm'^ corresponds with the peak at 406-410 cm'* which undergoes an 8-12 cm'* “ Mg shift 

(Tarte et al 1985). The other band at approximately 443-417 cm * is tentatively assigned to *02 

on the basis of its position. The MgO^ band has a distinct low energy shoulder.

At low wavenumbers, one and possibly two bands are identified. At 155-145 cm * a narrow 

band corresponds with a reported water rotational band (McMillan and Hofmeister 1988). 

However this is not assigned to water since the other strong water bands at 225 and 244 cm * 

are only seen as very weak features by comparison. The band is assigned to a rotation or 

translation of BO4.

A possible although relatively low intensity band occurs at 302-287 cm * and a low intensity 

shoulder on the low energy side of the complex, MgO^-dominated band at 400 cm * is also 

seen. Motions in this region are dominated by M l and M2 cation motions as shown by the 

isotopic studies of Paques-Ledent and Tarte (1973) and Tarte et a i  (1985). Hence the band 

is likely to be derived mostly from Mg and Al motion. The shoulder occurs at the same 

wavenumber as peaks in the Bi„ and B̂ » spectra and hence could be weak activation of a mode 

from these polarisations.
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Figure 4.4.3. The reflectance spectrum of sinhalite.
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Table 4.4.1. Sinhalite infrared band positions and assignments. 

Bi. B3. 1

LO TO A LO TO A LO TO A

1093 899 3 195

732 692 A1 40

609 584 4 25

570 548 A1 2 2

? 528 AlA

518 491 2/Al 27

436 401 rr 35

336 320 M l 16

226 217 T 9

1 1 0 1 1082 3 193
1 0 0 0 889 3 1 1 1

816 775 1 41

713 685 A1 28

611 578 4 33

549 ? 4/Al ?
527 -510 4TA1 25

<-510 475 M , 39

436 399 M , 37

335 320 M , 15

226 217 T 9

1227 1065 3 162 1175 ,
1103 3 1070 3 1085 3

1030 950 3 80 960 3  980 3 1020 3

930 3

796 773 , 23 800 ,
780 , 785 780

742 689 ^  53 700 ^  704 700

620 601 , 19 605 , 600
586 ,

576 543 33 551 558 550

510
536 475 Mf 61 490 Mg 503 490

443 417 2 26 425 Ml 428
427 378 M* 49 406 400

330 325
302 287 Al/Ms 15 283

800 1

728 4 728
709 4 709
600 AI 600

550 Al 550

504 2 500
450 2 450

155 145 T 10

B,„ Bj, and B,.: polarised data, this study. 1: Tarte et al (1985), KBr disc. 2: Hohler and Funck (1969), unpolarised single crystal. 3: Ross (1972), calculation. 4; Ross (1969), calculation. 
5: Funck (1967), calculation. The original assigiunents reported by authors 1-5 are reproduced in this table. A = LO-TO splitting.

KEY: BO4 fundamentals; 1 =1),; 2 =1)2 ; 3 =1 )3 ; 4=d^
A1 = AlOj fundamental; Mg = MgO, fundamental; T = Motions of the TO4 tetrahedron as an approximately rigid body 
? = uncertain assignment.
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4.5. Raman Spectroscopy.

4.5.1. Introduction.

The polarised Raman spectra are presented in Figures 4.5.1-4 and Band positions listed in 

Table 4.5.1. The spectra have not been smoothed or baseline-corrected. There is good 

agreement between the present band positions and those of the four bands identified in the 

study of Ross (1972). In general, the polarisation of the Raman spectra is very good, however 

some polarisation mixing has occurred and is visible in the spectra, especially in intense peaks. 

Several factors may contribute to the minor depolarisation observed: a small number of very 

small (tens of jim size) fluid inclusions are present in the crystal, and will tend to depolarise 

the laser. Another source of depolarisation is imperfections in the elements in the optical path 

(prisms and mirrors). Sample alignment is not a significant source of depolarisation as X-ray 

orientation and face polishing were both done to an accuracy of 0.3°, and orientation on the 

Raman spectrometer was accurate to within 1.5°. Even if the maximum possible errors had 

occurred, these alone would still not be enough to alter the spectra.

There is less similarity between the Raman spectra of sinhalite and forsterite, than between 

their infrared spectra, and this is related to the differing degrees of polyhedral distortion 

present in the structures (see discussion below). The four Raman polarisations were collected 

according to the geometries shown in Figure 4.2.2 The present spectra represent a spectacular 

improvement over previous attempts which have been unsuccessful (Tarte et al. 1985) or have 

produced spectra with only a few peaks (Ross, 1972).

4.5.2. Raman Band Assignment 

\
A weak band is observed at 1044 cm^ and is assigned to a mode based on its position. The 

most intense band in the A, spectrum occurs at 860 cm’̂  and corresponds to the moderately 

intense peak observed by Ross (1972) at 864 cm^ which he assigned to a \)j mode. In this 

study, this intense band is assigned to a mixed mode containing both 0)3 and components. 

This assignment is made from mode counting arguments and consideration of isotopic
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evidence. Two % and one modes are predicted for the A, spectrum by FGA (Table 4.3.1), 

and these numbers are considered to correspond with the two bands at 1044 and 860 and the 

band at 860 cm'^ respectively because of their positions relative to isotopically assigned 

infrared bands, (Section 4.4). Isotopic substitution Raman data for forsterite (Paques-Ledent 

and Tarte 1973) and the lattice dynamics study of Price et al (1987), show that Raman modes 

are far more mixed than infrared modes in the high frequency region. The results show that 

while the highest frequency and lowest frequency Dj modes are almost pure antisymmetric 

and symmetric stretching modes respectively, modes in between these extremes are of mixed 

character. This mixing is strongest between the lowest frequency and the highest frequency 

modes, and the sinhalite band at 860 cm^ lies near to the ranges of both the and 

sinhalite fundamentals, slightly closer to the than to the Vj. Hence this mode is assigned 

to a mainly motion but with a significant component of \)i motion. The high intensity of 

this band may be taken to suggest a symmetrical motion because such motions generally cause 

the most intense bands in Raman spectra, and in isolated TO4 molecules the \)i band is the 

most intense. However in several forsterite Raman spectra the bands assigned to \>i are not the 

most intense, which is reasonable because the significant distortion of the tetrahedra in olivines 

will reduce the degree of symmetry of the D; motion and the relative intensity of the Di mode, 

and since the BO4 tetrahedron in sinhalite is more distorted than the Si0 4  in forsterite this 

effect is probably greater in sinhalite.

A relatively weak band is observed at 796 cm \  From infrared data (Section 4.3), this is in the 

expected region for modes, and this peak is therefore assigned to the Ag n, mode. It is 

reasonable to assign such a weak peak to a motion associated (in free molecules) to a strong 

Raman band since the BO4 group in sinhalite is highly distorted (Hayward et al, in prep.) and 

the consequent reduction in the symmetrical character of the motion will reduce the Raman 

activity of the mode. The peaks of silicate olivines whose Raman spectra are known are 

less intense than the peaks (Chopelas 1991). The clear separation of the \>i band from the 

\>3 is seen in the Raman spectra as in the infrared, (Figures 4.4.2 and 4.5.1).

8 6



Figure 4^.1. The A spectrum of sinhalite.
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An intense, relatively broad band is seen at 745 cm *. From the infrared data, this is above the 

range expected of bands (below 6 (X) cm *) and below that of \>i modes, while it lies in the 

region 750-7(X) cm * whose infrared bands are assigned to motions of the octahedral aluminium 

cations (Tarte et al 1985). Given infrared isotopic evidence (Tarte et a/. 1985), and that 

sinhalite is the only aluminium-bearing olivine and that no other olivine has bands in the 700- 

750 cm * region of its spectrum, the assignment of these motions to motions involving the 

aluminium ions seems unavoidable. However, FGA predicts there to be no Raman-active 

modes involving motion of the M l cation in olivines (Table 4.3.1). Two explanations for the 

appearance of Raman-active motions involving aluminium have been investigated: the first - 

that the aluminium lies slightly off the inversion site - has been discounted by an X-ray 

structure detennination (Section 3.2). The second -that aluminium occupies a second site in 

addition to Ml at a significant level - may also be discounted on the basis of chemical data 

(Section 3.4).

Given that aluminium almost certainly (to the sensitivity limit of X-ray techniques used to 

determine the structure) occupies the M l site of inversion symmetry, then these Raman-active 

modes in the 750-700 cm * region must occur without displacement of the aluminium ions. 

Support for this comes from the results of lattice dynamical simulations which indicate no 

aluminium movement for modes in this region (Chapter 5). Modes qualitatively equivalent to 

Al-O stretches involving no aluminium displacement could occur by motions of the 

coordinating oxygens with respect to a stationary central aluminium cation. Such oxygen 

motions may occur via motions of the BO4 group as a discrete entity. These motions are 

usually associated with low wavenumber lattice modes, and 12 Raman-active and 6  infrared- 

active modes of this type are predicted by SGA for the olivine structure (Table 4.3.1). 

However, only 4 Raman and 3 infrared bands are observed in this region of the spectra 

(Tables 4.4.1 and 4.5.1), and allowing for a few modes whose intensity is too low for them 

to be observed above the baseline, there is still an implausibly large number of unobserved 

lattice modes. At higher wavenumbers, there are "extra" bands in the 7(X)-750 cm * region. It 

is therefore proposed that rotational and/or translational motions of the BO4 tetrahedra cause 

deformation of the Al-O bonds at frequencies which resonate with the Al-O stretching 

fundamentals, and thus cause the appearance of apparent aluminium motions. This also 

provides an explanation for the paucity of bands in the low wavenumber region of the spectra.

There is a gap between the band at 745 cm * and a moderately strong and broad band which
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occurs at 609 cm \  This band is assigned to a U4 motion on the basis of its position. A band 

of moderate intensity at 485 cm^ is difficult to assign as this region contains infrared bands 

due to magnesium, boron (and possibly aluminium) motions. It lies close to an intense infrared 

band at 490 cm'^ isotopically assigned to magnesium (Tarte et û/.1985): since modes involving 

the same type of motions of a given ion generally occur in similar positions in both infrared 

and Raman spectra, there is a fairly strong argument for assigning this band to a MgO^ 

motion. In addition, an isotopically assigned magnesium mode occurs in forsterite at 467 cm '\ 

(Paques-Ledent and Tarte 1974). Alternatively, assignment may be made to the second *04 

mode expected in this polarisation since the peak is in the correct wavenumber range. The 

separation of approximately 120 cm'  ̂ from the 1)4 mode at 609 cm*‘ is considerably larger than 

between assigned O4 modes in silicate olivines (Chopelas 1991), but this could result from the 

greater tetrahedral distortion in sinhalite. From mode counting and the predictions of SGA, the 

peak at 485 cm'^ is assigned to the second 1)4 mode since the four peaks observed between 485 

and 375 cm'  ̂ correspond exactly to the four predicted by SGA - 1 1)4, 1 1)% and 2 MgO^.

There are three moderate to high intensity bands at 409, 399 and 375 cm '\ The peaks at 409 

and 399 cm'  ̂ are close to an infrared peak at 406 cm '\ which was isotopically assigned to a 

magnesium motion (Tarte et al. 1985), and one (Table 4.3.1) may therefore represent a 

magnesium motion because of their similar positions. The relatively high intensity of the peak 

at 375 cm ‘ may indicate a symmetrical motion, and hence assignment to the BO4 1)% mode, 

however it has already been noted in the case of the u, mode that peak intensity is not a good 

indicator of mode character and hence only speculative assignments are possible. There may 

be the further possibility that one of these peaks could represent a motion involving AlOg 

motion. The lowest wavenumber band observed in the A, spectrum is at 232 cm'^ and is 

assigned to a BO4 rotation or translation on the basis of its position.

There is a very broad band at 994 cm'* with an elongated high wavenumber profile due to a 

low intensity peak at approximately 1016 cm * (Figure 4.5.2). This may be a *°B effect as this 

poorly resolved peak has an intensity of approximately one quarter of the main peak which 

mirrors the natural **B/*®B ratio. However, since the *°B-shift of 20 cm * implied by this is 

significantly lower than that of 35 cm * observed by Tarte et al. (1985) and none of the other 

1)3 bands in the spectra exhibit this feature, the isotopic explanation is disregarded and the peak
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at 1016 cm‘̂  is assigned to the second O3 band. The minor shoulder at 1044 cm^ represents 

mixing with the A, polarisation.

No band in the 800 cm * region is observed in the spectrum, although FGA predicts there 

to be a Oi mode in this polarisation. This may be due, as discussed above, to the high degree 

of distortion of the BO4 tetrahedron (Hayward et a l  in prep.), which will result in low 

intensities for symmetrical motions as seen in the Ag spectrum. It is therefore possible that the 

Big \)i mode is of insufficient intensity to be observed in the spectrum.

A narrow, moderately intense band at 712 cm * is assigned to an aluminium motion from its 

position. It occurs in virtually an identical position to a more intense Bjg band (710 cm *), but 

is not interpreted as a mixing mode because the polarisation in the spectra is very good, and 

its intensity is clearly much greater than any features identifiable as being caused by mixing.

A relatively broad, low intensity band at 525 cm * is assigned to a O4 mode on the basis of its 

position. A weak peak is observed in the same position as a moderately intense band of the 

Ag spectrum at 486 cm *. It is noted that mixing occurs between the Ag and B^ polarisations, 

with minor mixing features in the Big spectrum corresponding to relatively intense Ag bands. 

In the case of the feature at 486 cm * however, the intensity is significantly higher than that 

of the other mixing features (eg at 1044 and 747 cm'*), and it may be tentatively suggested 

that this weak band is part of the Big spectrum, and fortuitously has the same position as the 

Bjg band. If this is the case, then it may represent the second O4 mode of this polarisation. This 

assignment is similar to one made in the isotopic study of Tarte et a l  (1985) in which a peak 

at approximately 450 cm * which underwent neither a *°B- or a ^^Mg-shift was assigned to a 

boron-dominated motion since surrounding peaks have “ Mg-shifts of 5-8 cm * and *°B-shifts 

are difficult to detect below 600 cm *.

The weak band at 417 cm * is probably due to a magnesium motion, and the stronger band at 

386 cm * is a likely candidate for the mode. The lowest bands observed lie at 317 cm * 

which may be another magnesium mode from the assignment of an infrared peak with a small 

^ ^ g  shift (Tarte et û/.1985), and a very weak peak at 290 cm * , which probably represents 

a translational mode of the BO4 group.
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Figure 4^.2. The spectrum of sinhalite.
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Figure 4^.3. The spectrum of sinhalite.
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An intense peak at 945 cm'^ is assigned to a D3 mode without any Dj character as there is no 

Di mode in the Bg, spectrum (Table 4.3.1). A moderately intense band occurs at 710 cm^ and 

is assigned to AlO^ based on its position. A weaker band is at 555 cm'^ is also assigned from 

its position, to the single \>̂ mode of BO4 predicted for this polarisation.

Amongst the concentration of relatively intense bands centred around 4(X) cm '\ and only just 

discernable from the surrounding polarisation mixing features, are two extremely weak bands 

at 407 cm ‘ and 382 cm *. As previously discussed, it is impossible to give unambiguous 

assignments without isotopic Raman data, but it is most probable that these bands represent 

the single o% and magnesium mode expected in this polarisation. A band at approximately 407 

cm * can be identified as a magnesium motion from the ^ ^ g  shift of an infrared peak 

occurring at a similar position in the spectrum of Tarte et al. (1985), but in the same study 

none of the modes could be identified. The weak peak at 229 cm * is assigned to a BO4 

translation or rotation.

The Bgg polarisation contains a very weak 1)3 peak at 874 cm *. This is in striking contrast to 

the B3g spectrum of forsterite (Chopelas, 1991; liishi, 1978), whose most intense band is the 

1)3 peak at 922 cm *. This difference in the 1)3 bands between these two olivines is attributed 

to the greater distortion of the tetrahedral site in sinhalite compared to forsterite.

Two very weak features are seen at 805 and 786 cm * (Figure 4.5.4), and it is considered 

unlikely that these belong to this polarisation as only one D3 mode is predicted (already 

assigned at 875 cm *) and no mode is expected. In addition, these two peaks occur at 

wavenumbers too high to be aluminium motions, and their inclusion amongst the B3g peaks 

raises the observed B3̂  band total to 8 , which is above that allowed by symmetry. One or both 

of these peaks could represent combination modes, this possibility is suggested by their very 

low intensities.
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Figure 4J.4 . The spectrum of sinhalite.
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A band is observed at 609 cm '\ which is coincident with a peak in the A, spectrum at 609 

cm *. It is possible that this peak represents mixing with the Ag spectrum, but in view of its 

relatively high intensity, it is tentatively assigned to the 0)4 mode expected in the 

polarisation. The most intense band of the Raman spectra is seen at 496 cm *. As considered 

above, the high intensity may reflect a symmetrical mode, in this case the x>2 symmetrical 

boron-oxygen bending motion, although this position is rather high for this motion. The 

alternative explanation based on the position of the band, is assignment to the 1)4 mode, which 

assumes that the peak at 609 cm * is a mixing peak. It is not possible to state definitely which 

assignment is correct. Moderately intense bands occur at 465 and 420 cm'*, and are assigned 

to magnesium motions based on their positions. The band at 420 cm * may also be assigned 

to the D2 mode of BO 4 . A fairly weak band is observed at 329 cm * and may represent a 

magnesium motion. The lowest observed band at 275 cm * is very weak and is assigned to a 

BO4 translation.

Table 4.5.1 Sinhalite Raman mode positions and assignments.

A, Bi, Bj, Ross (1972)

1044 3
-1016 3

994 3
945 3

874 3
859 3 864

805 *
796 , 786 *
745 ^

715 710 4.
609 4 609 4+

555 4 554
525 4

485 4 496 488
468 4+ 465
417 14,7 420 34,7

409 M, 407 34,
399 3̂
375 j7 386 77 382 „ 376

317 34,7 329
290 T

232 T 228 T

T

275 T

KEY: BO4  fundamentals; l=v,; 2 =̂ )7 ; 3 =1 )3 ; 4 =1 )4 ; A1 = AlO* fundamental, (no aluminium motion involved, see text); 
Mg = MgOj fundamental; T = motion of the TO4  tetrahedron as an approximately rigid body; ? = uncertain 
assignment
* Peak may represent mixing from another polarisation (see text).
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4.6. Thermodynamic Modelling.

4.6.1. Introduction.

No experimental heat capacity or entropy data for sinhalite has been reported, therefore the 

Kieffer model (Kieffer, 1979a,b,c, 1980) has been used to calculate these properties from the 

present spectroscopic data.

The lattice dynamics-based model calculates heat capacity and entropy from crystallographic 

data, vibrational frequencies (infrared and Raman), and acoustic velocities. A summary of the 

model is given in Section 2.6. It has previously been used to calculate thermodynamic data 

for forsterite and fayalite (Hofmeister 1987) and gave values of Cp and Sp within 1.5% of 

experimental values over the geologically relevant temperature range between 298 and lOOOK. 

Substantial discrepancies between experimental and model values of Cp and Sp occur at 

temperatures below 200K (± 50% below lOOK), which stem from inadequate knowledge of 

vibrational mode distribution at the lowest frequencies (Kieffer 1980). The identification of 

the previously unobserved peaks at 226-217 cm^ and 155-145 cm'^ in sinhalite is therefore 

crucial for the results at low temperatures. In the model (Kieffer 1979c), high frequency modes 

are approximated to dispersionless Einstein oscillators and acoustic modes to Debye oscillators 

with parabolic dispersion. The remaining modes are placed into one or more optic continua. 

Single crystal data yield better results than powder data because the model is sensitive to the 

density of states, and these spectra are needed to identify the vibrational modes and to 

determine their distribution.

4.6.2. Construction o f the Kieffer Models.

Vibrational models are based on the spectroscopic data, and the placement of modes into 

Einstein oscillators or continua is done directly from the spectra, is which division of modes 

into groups is usually evident, and from SGA predictions which allow good estimates of the 

proportion of modes in each part of the spectrum, especially where not all predicted peaks are 

observed experimentally. The Kieffer model was run using the programme VIBES 2 (Ross 

1991).

9 6



There is no acoustic data for sinhalite, therefore the three acoustic velocities have been 

estimated from the relationships between density and the compressional and bulk velocities 

(Liebermann 1975), (Figure 4.6.1). The bulk modulus of sinhalite was estimated from the 

relationship between bulk modulus and molar volume in olivines, (Liebermann 1975), (Figure

4.6.2). A sinhalite of composition Mgo ̂ ^.FeoAIBO^, close to that of the specimens used to 

collect the spectra was assumed in deriving these values. The shear velocity was calculated 

from the approximate relations for olivines v/Vp=0.50-0.55 and vyvyu&=0.70-0.75. The 

intermediate velocity was estimated from its ratio to v, in forsterite. The values of bulk 

modulus and acoustic velocities used in the models are given in Table 4.6.1.

Figure 4.6.1. The estimation of the compressional velocity of sinhalite (based on Liebermann 1975).

I

I1
e

Ô

8.15

9

8

7

6

5

t
3.49 Density (g/cm)

97



Figure 4.6^. The estimation of the bulk modulus of sinhalite (based on Liebermann 1975).
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Table 4.6.1. Estimated values of bulk modulus and acoustic 
velocities for sinhalite

Bulk modulus 1550 kbar
Vc 8.15 kms'^
Vi 4.35 kms^
V, 4.30 kms'^

The value of 1550 kbar derived from the relationships of Liebermann (1975) is in keeping 

with expectations of a less compressible structure for sinhalite compared to forsterite. Because 

of the 2 0 % smaller unit cell volume of sinhalite, there is less space in which to compress the
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ions before repulsive forces become appreciable. Dispersion of the lowest frequency optic 

mode at the Brillouin Zone boundary is assumed to be sinusoidal, and its frequency at the 

boundary is calculated from the measured k= 0  frequency using:

®kn*x = + nia/mi)^ (4.1)

where m  ̂ is the mass of the heaviest vibrating unit (BOJ, and mj is the mass of the lightest 

vibrating unit (Mg). A value of 150 cm * is used for the lowest optic mode, (Table 4.4.1) 

which gives a dispersed frequency of 130.3 cm * at the zone boundary. For several minerals 

dispersion is overestimated by assuming sinusoidal dispersion, (Kieffer, 1979b), and therefore 

each model has been repeated with and without dispersion.

Two models were constructed from the spectroscopic data and these differ from each other in 

the number of optic continua used to represent the vibrational modes below 625 cm *. The 

input parameters for each are presented in Table 4.6.2, and the models are represented 

schematically in Figure 4.6.3. The height of the optic continua in Figure 4.6.3 is proportional 

to the average density of states in the wavenumber range they cover. As an example of the 

calculation of mode partitioning used as input for the model, consider Model 1: in the 

polarised infrared and Raman spectra, 11 antisymmetric BO^ stretching bands are observed, 

and these occur in a group which is clearly separated from the bands next lowest in frequency 

(Tables 4.4.1 and 4.5.1), and may be approximated to an optic continuum. In addition, FGA 

predicts the occurrence of an infrared- and Raman-inactive (A J antisymmetric BO4 stretching 

mode, which will be expected in the same frequency range as the 11 active modes (in fact it 

is predicted to occur at 1022 cm * by atomistic simulation (Chapter 5)). This mode will 

contribute to the heat capacity and must be included in this group of modes. The boundaries 

of the continuum are placed according to the positions of the highest and lowest frequency 

modes in the group of antisymmetric stretching modes, at 1150 and 850 cm'*, and contains 

12/84 of the total vibrational modes, so that the partition function q = 0.131. The average 

density of states is approximated to the number of modes per wavenumber within the 

frequency range of the optic continuum, which is 12/(1150-850) = 0.04 modes per 

wavenumber. The remaining 69 optic modes are placed into the second optic continuum, the 

boundaries of which are placed according to the highest and lowest frequencies of the 

remaining observed bands. The acoustic velocities have already been calculated (Table 4.6.1).

jfbur infrared- and four Raman-active modes have not been observed experimentally, but 

are expected, from mode counting and FGA predictions, to occur below 450 cm * and are
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therefore included in the lowest frequency optic continuum of Model 2. In both models, the 

0)3 and modes of the BO4 tetrahedron are represented by an optic continuum rather than by 

Einstein oscillators because of the wide frequency distribution in their positions. This wide 

distribution renders the normal method of derivision of Einstein oscillator positions from the 

average position of groups of bands unsatisfactory; In forsterite (Hofmeister 1987), Einstein 

oscillators are assigned successfully because of the tighter clustering of these bands.

Figure 4.63. Schematic representations of Kieffer thermodynamic models 1 and 2 used to calculate the

heat capacity and entropy of sinhalite.
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Table 4.6,2. Input parameters for the Kieffer models of sinhalite. 

(See Figure 4.63. for explanation of column headings)

Model <Oll q, <0 . 2 q% ®13 q3

1 1150 850 0.1310 825 150 0.8333

Id 1150 850 0.1310 825 130.3 0.8333

2 1150 850 0.1310 825 675 0.1310 625 150 0.7023

1150 850 0.1310 825 675 0.1310 625 130.3 0.7023

Model 1 is the simplest representation of the vibrational density of states of sinhalite, with all 

modes grouped into two continua. In Model 2 the and AIO5 modes are grouped into an 

optic continuum, with a third representing all modes below 625 cm '. Further division of the 

modes below 6(X) cm ' is may result in inaccurate prediction of thermodynamic properties 

because a significant number of modes predicted by FG A have not been observed in the 

spectra, and so proportional division of modes between optic contimua, to which the model 

is extremely sensitive, cannot be carried out with certainty. In the case of forsterite for which 

all the infrared- and Raman-active modes have been observed, the density of states is fully 

known and more refined models of the low ftequency region are possible (Hofmeister 1987). 

The lowest optic mode is taken as the average position of the lowest fi-equency LO and TO 

positions ie 150 cm '.The dispersed position of this mode calculated using Equation (4.1) is 

130.3 cm '.

4.6.3. Results and Discussion.

The results of the thermodynamic models are tabulated in Table 4.6.3, and the heat capacity 

(Cv), (Cp) and entropy (S J , (Sp) of the models including dispersion (denoted by subscript D) 

are illustrated in Figures 4.6.4 -4.6.7.
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Table 4.63. Results of the Kieffer model of sinhalite for temperatures lOO-lOOOK.

T(K) 100 200 300 400 500 600 700 800 900 1000

C, (Jm d ')
1 25.725 70.245 104.286 126.224 140.049 148.988 154.980 159.152 162.155 164.374
Id 26.112 72.240 105.609 127.106 140.665 149.436 155.323 159.418 162.365 164J49
2 29.652 77.931 110.761 130.970 143.521 151.585 156.982 160.727 163.422 165.417

32.193 79.716 111.818 131.642 143.969 151.907 157.220 160.916 163.576 165.543

C, (Jmol-*)
1 25.%2 70.852 105.419 128.054 142.773 152.825 160.180 165.978 170.894 175.344
Id 28.349 72.849 106.737 128.933 143.387 153.274 160J20 166.243 171.107 175.518
2 29.892 78.543 111.891 132.799 146.240 155.420 162.177 167.554 172.166 176.390
%D 32.435 80.326 112.948 133.467 146.692 155.745 162.419 167.742 172.316 176.512

S, (Jmol ‘K ‘)
1 12.243 43.974 79.345 112.595 142.366 168.742 192.192 213.171 232.099 249.305
D̂ 13.902 47.236 83.286 116.851 146.783 173.257 196.763 217.791 231.567 253.974

2 13.720 49.763 88.088 122.962 153.636 180.572 204.365 225.589 244.608 261.380
2d 15.575 53.207 92.106 127.218 158.025 185.024 208.866 230.118 249.228 266.574

S, (Jmol 'K ')
1 12.486 44.581 80.475 114.422 145.084 172.580 197.386 219.996 240.841 260.277
Id 14.143 47.848 84.416 118.677 149.504 177.097 201.963 224.613 245.486 264.942
2 13.959 50.375 89.222 124.786 156.361 184.407 209.565 232.413 253.425 272.982
2d 15.815 53.818 93.236 129.046 160.744 188.861 214.062 236.939 257.971 277.542

The two models produce consistent heat capacity results above 500K, (Figures 4.6.4 and 4.6.5) 

with discrepancies of less than 1%. Below 5(X) cm'*, the different mode partitioning schemes 

of the models have produced significant differences in Q  and Cp. Models including dispersion 

have higher heat capacities and entropies at any temperature because they have modes 

contributing to the heat capacity at lower temperatures than models not including dispersion. 

Dispersion has a significant effect on heat capacity and entropy at temperatures below 400K, 

with discrepancies in Q  of 1.50% and 8.56% between Models 1 and 1^ and between 2 and 

2d respectively at 1(X), because relatively few modes are contributing to the heat capacity at 

low temperatures and the difference in the frequency of the lowest optic mode therefore has 

a proportionally greater influence at low temperature. At 3(X)K, the discrepancy in Q  is 

reduced to 1.27% and 0.95% for Models 1 and 2 respectively. The discrepancy between 

entropy (S )̂ values for models with and without dispersion is greater than that for heat 

capacity since is the integral of with respect to temperature.
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Figure 4.6.4. Heat capacity (Cv) of sinhalite calculated by Kieffer models I and 2. Figure 4.6.6. Entropy (Sv) of sinhalite calculated using Kieffer models 1 and 2
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Figure Heat capacity (Cp) of sinhalite calculated using Kieffer models 1 and 2.
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Figure 4.6.7. Entropy (Sp) of sinhalite calculated using Kieffer models 1 and 2.
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Model 1 has a markedly lower heat capacity than Model 2, especially at lower frequencies 

because it has a relatively low average density of states of 0.104 modes/cm'^ in the region 

between 625 and 150 cm'^ compared with the higher average density of states of 0.124 modes/ 

cm ‘ in the lowest frequency continuum of Model 2. Model 2 therefore has a greater 

proportion of modes contributing to the heat capacity at lower temperatures, which will 

produce higher heat capacities at any temperature since Q  and Cp are sums over all vibrational 

frequencies.

Model 2d is considered to best model the heat capacity and entropy of sinhalite because of its 

more refined mode partitioning scheme, which most resembles the mode distribution in the 

experimental spectroscopic data, and because it includes dispersion of the lowest frequency 

optic mode, which INS data on more simple substances indicates is significant. The thermal 

expansivity data for forsterite has been used in the models, because these measurements have 

not been made for sinhalite, and this may be expected to produce inaccuracies in the values 

of Cp at higher temperatures where thermal expansion becomes more important, since Cp is 

calculated from Q  by:

Cp =  C ,  + TVof/p (4 .2 )

where a  is the coefficient of thermal expansion, p is the compressibility and V is the molar 

volume. There is indeed a difference between values of Q  and Cp calculated using each model 

and this difference increases with increasing temperature from 1.01% at 300K to 6.63% at 

lOOOK, (Figures 4.6.8 and 4.6.9). Because of the uncertainty in the Cp and Sp data produced 

by the models caused by the use of forsterite thermal expansion data and also an estimated 

value of bulk modulus, which will also effect the values of Cp calculated in the model, the Q  

data for sinhalite is considered to be the more accurate, since it does not depend on the 

thermal expansion of bulk modulus. More accurate Cp and Sp data for sinhalite using the 

Kieffer model will be obtained if its thermal expansion, bulk modulus and acoustic velocities 

data are measured.

The thermal expansion coefficients of forsterite (Skinner 1966) are used in the current models. 

However, even with all the relevant experimental data, using Hofmeister’s model parameters, 

(Hofmeister (1987), Table 4), the use of different sets of thermal expansion coefficients, 

(Skinner 1966; Suzuki etal. 1983), causes variations in entropy in the results produced by the
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model of 1% at 300K and 3% at lOOOK,

Figure 4.6.8. Cv and Cp of sinhalite calculated using Kieffer model 2D
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Figure 4.6.9. Sv and Sp of sinhalite calculated using Kieffer model 2D.
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It can be seen from the differences in the results produced by the two models that in general 

the clustering of modes into groups has a significant effect on the heat capacity an entropy of 

a substance. Accurate representation in the Kieffer models of the grouping of modes in the 

spectra is vital and is only possible when polarised single crystal spectra are available. To 

avoid errors in case inactive modes are present in the intervals between the continua, the 

models were re-run with boundaries moved by ± 5  cm'^ and also with adjoining continua. In 

both cases, the effect on Cp was small, representing a Cp change of 0.1%-0.6% between lOOK 

and lOOOK. These effects may be considered unimportant in the context of the present models.

Figure 4.6.10. Comparison between the values of C, of sinhalite and forsterite calculated using the Kieffer 

model, and comparison between experimental and Kieffer model C, data for forsterite. (Kieffer model 

forsterite data from Hofmeister (1987) and Kieffer (1980), experimental forsterite data from Rohie et al

(1982)).
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The predicted C  ̂ for sinhalite is slightly lower than that for forsterite (Kieffer 1979d;
lis

Hofmeister 1987), (Figure 4.6.10). This\expected as forsterite has heavier cations (Mg^i and 

Si) which are associated with vibrations at lower wavenumbers and therefore contribute to the 

heat capacity more at lower temperatures. Since the heat capacity at any temperature is the 

sum over all vibrational frequencies, the larger number of modes in forsterite contributing to 

the heat capacity at lower temperatures will raise Q, compared to that of sinhalite, which has
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lighter cations and higher frequency modes which will contribute to the heat capacity at 

correspondingly higher temperatures as illustrated in Figure 4.7.1, which shows that the 

highest concentration of bands in the forsterite spectra occurs at lower wavenumbers than in 

the sinhalite spectra. Figure 4.6.10 shows experimental Q  data for forsterite (Robie et a l 

1982), together with values from Kieffer models of forsterite by Kieffer (1980) and Hofmeister 

(1987) with the present data of sinhalite. The accuracy of the model for forsterite is cleaiiy 

shown in the comparison between experimental and calculated Q , as is the similarity of values 

for sinhalite and forsterite.

These Kieffer models of sinhalite use high quality spectroscopic and what are considered 

reasonable estimations of the elastic and acoustic properties. These estimated values probably 

reduce the accuracy of heat capacity and entropy at constant pressure, as discussed above, but 

the data produced for heat capacity and entropy at constant volume are likely to be close to 

the values which would be obtained by experiment.

4.7. Discussion.

In these first polarised single crystal spectra of sinhalite, 31 IR and 32 Raman modes out of 

the predicted totals of 35 and 36 respectively have been observed, and the majority of these 

have been assigned. This is a lower number than previously assigned for forsterite, for which 

every mode has been observed and virtually all have been assigned (Hofmeister 1987; Reynard 

1991; Chopelas 1991). In sinhalite, mode assignment is complicated by the greater overlap of 

tetrahedral and octahedral modes compared with that in forsterite, the impossibility of stable 

isotope substitution for aluminium, small and ^®Mg shifts below 600 cm*‘ and the lack of 

isomori^ous chemically substituted borate olivine phases, whose silicate equivalents have been 

so useful in assigning the silicate olivine M l, M2 and \>2 modes. Mode assignment could be 

extended by polarised single crystal infrared and Raman data for isotopically and chemically 

substituted sinhalites. Figure 4.7.1 illustrates the cluster approximation-based interpretation of 

the vibrational spectra of sinhalite and forsterite, and also includes labelling of mixed character 

modes that have been identified.
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Figure 4.7.1. Schematic representation of the cluster approximation-based interpretation of the vibrational spectra 
of sinhalite and forsterite,including identified modes of mixed character.

The infrared bands are each represented by a single solid line at the average position of their LO and TO modes).
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s  inhalite is the only olivine to have its and peaks clearly separated. This marked 

separation of modes is caused by the relative sensitivity of the antisymmetric modes to 

tetrahedral cation mass compared to the relative insensitivity of the symmetric Thus while 

the Dg modes occur approximately 150 cm'^ higher in BO4 than in SiO^, the \>i modes remain 

in very similar positions - in fact they occur in positions 20-25 cm*̂  lower in sinhalite than 

in forsterite, (Figure 4.7.1), which is probably a result of coupling between the modes and 

the aluminium modes in the 700-750 cm'^ region.

The \>3 modes in sinhalite occur in a range (AD )̂ of approximately 370 cm^ which is the 

greatest for any olivine and some 130 cm'^ larger than for forsterite. The "ô  and 1)4 modes also 

occupy wider wavenumber ranges in sinhalite, and this is almost certainly the case with the 

x>2 modes, although they are difficult to observe in the spectra. These features reflect the 

significantly greater distortion of the BO4 tetrahedron compared with the Si0 4  group in silicate 

olivines. The differing degrees of tetrahedral deformation can also be seen in the intensities 

of the Raman bands which are the most intense bands in the spectra of forsterite, but 

amongst the weakest in sinhalite. The greater distortion of the BO4 tetrahedron will reduce the 

degree of symmetrical character of these Raman modes, thus reducing their intensity.

Paques-Ledent and Tarte (1973) state that the spread of the \>3 modes (Au^ in olivines is 

structurally controlled and not specifically related with the tetrahedral or octahedral cations. 

This appears to be true for silicate olivines with various octahedral cations, for which no 

relationship between distortion (measured as variation in Si-0 bond length) and AD3 is 

observed, but although a single borate olivine may not be representative, the data for sinhalite 

suggest that the nature of the tetrahedral cation directly influences the spread of the 1)3 modes.

Tetrahedral distortion in olivines is strongly related to the uneven distribution of bonding 

forces resulting from differences in bonds to oxygens shared by tetrahedral and M l or M2 

cations because of the differences between the two octahedral sites, (Paques-Ledent and Tarte 

1973). The size of the octahedral cation also plays an important role, with regularity of the 

tetrahedron decreasing with decreasing octahedral cation size, (Lam et al. 1991). Thus the 

exceptionally small size of the M l cation, and the difference in size between the M l and M2 

cations in sinhalite play an important part in determining the degree of BO4 tetrahedral 

distortion.

109



Another feature which makes sinhalite unique amongst olivines is the occurrence of modes 

associated with an octahedral cation at higher wavenumbers than the modes. In silicate 

olivines, the bands due to octahedral cation motion are generally observed below 550 cm \  

but in sinhalite, presence of aluminium gives rise to strong bands in the region 750-700 cm '\ 

The high wavenumbers at which these peaks occur obviously cannot be explained as a mass 

effect as aluminium is slightly heavier than magnesium. The relatively high charge of 

aluminium is probably a cause of the position of these bands.

The concept of discrete molecular "clusters” (eg Kieffer, 1979b, Chapter 2, Section 4.2) has 

been used here as in many previous olivine investigations. The "cluster approximation" model 

forms the basis of the interpretation of the sinhalite and forsterite spectra shown in Figure

4.7.1, and also includes the coupling effects discussed below. Although its application to 

sinhalite (and other olivines) is valid, as discussed in Section 4.2, the extent of the 

approximation is revealed by vibrational data.

The isotopic substitution infrared studies of sinhalite, (Tarte et al, 1985) and forsterite, 

(Paques-Ledent and Tarte, 1974), and isochemical data for various silicate olivines (Tarte 

1962, 1963), show that mixing of cation motions does occur in olivines, and in infrared 

spectra is most important at frequencies between the tetrahedral and pure octahedral modes, 

with higher and lower frequency regions containing mainly tetrahedral and octahedral motions 

respectively. This region of coupling in sinhalite may be wider than in forsterite because of 

the relatively large overlap of tetrahedral and octahedral modes caused by aluminium. In many 

coupled modes one or other cation dominates the mode’s behaviour, with the contribution of 

the other being relatively minor, as long as masses of the cations involved are not too similar. 

In sinhalite, on the one hand, the difference between the tetrahedral and octahedral cation 

masses is far greater than in forsterite, which is expected to reduce the potential for coupling 

between boron and the octahedral cations. On the other hand, the nearness in frequencies of 

vibrations associated with the tetrahedral x>i and aluminium modes appears to promote 

coupling between these modes and is probably responsible for the lower wavenumbers in 

sinhalite compared to forsterite. Coupling between the M l and M2 cation motions is well 

known, (eg Tarte 1963) and is expected between A1 and Mg because of their similar masses. 

Some insights into the coupling of modes in sinhalite is provided by the atomistic simulations 

described in Chapter 5.
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The limited isotopic Raman data for olivines covers only the region 1000-800 cm * for 

forsterite (Paques-Ledent and Tarte, 1973) and indicates that there is significant coupling 

between the V2 and x>i SiO^ modes which is not seen in the substituted infrared spectra. The 

observed “ Si shifts of the 0)3 peaks are too small for purely antisymmetric motions, and the 

shifts of the peak is too large for a purely symmetrical motion. The degree of O3-D1 

coupling is related to the 0 - 0  Coulomb repulsion between tetrahedra, which depends mainly 

on octahedral cation size, (Lam et al. 1991). Repulsion increases and coupling decreases with 

decreasing cation size, and therefore x̂ -x>i coupling may be less important in sinhalite than 

in silicate olivines. This is supported by the large separation between \>̂ and O3 peaks in 

sinhalite, which may indicate lower potential for coupling. Isotopic Raman data is needed to 

resolve this question.

The similarity between the M2 sites of sinhalite and forsterite has been noted (Section 3.3), 

and it is therefore not surprising that modes isotopically assigned to magnesium motions have 

very similar positions in infrared spectra of the two minerals, (Table 4.7.1, Figure 4.7.1).

Table 4.7.1. Positions of isotopically assigned magnesium modes in sinhalite and forsterite.

Forsterite’ Sinhalite*

490
467

426 ? 425 ?
415 406
364 ?
321 330
301
278

’Tarte et al. (1985); ^Paques-Ledent and Tarte (1973).
? = uncertain assignment to magnesium motion because of small ^̂ Mg shifts.

In forsterite, liishi (1978) Reynard (1991) and Chopelas (1991) assign no modes to magnesium 

motions at wavenumbers higher than those of the SiO^ O2 modes (544-456 cm * (ER); 439-410 

cm * (Raman)), with the highest wavenumber assigned to a magnesium mode at 463 cm * (IR) 

and 383 cm * (Raman). However, in isotopically substituted forsterite, a peak at 466.5 cm * 

undergoes a l l  cm * ^^Mg-shift to lower wavenumber, but only a 3 cm * “ Si-shift, (Paques-
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Ledent and Tarte 1973), indicating that modes dominated by magnesium motion do overlap 

the wavenumber range of both the symmetrical and antisymmetrical tetrahedral bending 

modes. The isotopic data of Tarte et a i  (1985) indicate that magnesium motions dominate the 

infrared spectrum of sinhalite in the range 520-320 cm '\

The polarised spectroscopic data collected for sinhalite will form a contribution to the 

understanding the dynamics of tetrahedrally coordinated boron in minerals, and also to the 

understanding of the dynamics of the olivine structure, of which several silicate examples have 

already been investigated. The use of the high quality single crystal polarised spectroscopic 

data in Kieffer models to calculated the first heat capacity and entropy data for sinhalite is the 

first step towards being able to understand the thermodynamic stability of sinhalite in 

geological environments, and once similar experimental or calculated data is available for other 

boron minerals which occur in association with sinhalite, the phase relations between these 

minerals may be investigated.
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Chapter 5. Atomistic Simulations of Sinhalite.

5.1. Introduction.

The interpretation of mineral spectra below 600 cm^ frequently presents severe challenges to 

the spectroscopist. Difficulties in inteipretation and peak assignment are experienced because 

the isotopic shifts are similar to instrument resolution (2-3 cm‘‘), and therefore often 

inconclusive, even for light elements such as boron whose stable isotopes have relatively large 

mass differences (Tarte et a l  1985). In addition, the greatest vibrational density of states in 

most minerals occurs in the far infrared region, producing dense groups of overlapping peaks, 

particularly in unpolarised spectra. The existence of mode mixing in most regions of mineral 

spectra further complicates matters. It is clear that experimental spectroscopic techniques 

cannot unravel these complexities unaided.

Lattice dynamic simulations have previously been successfully applied to the study of ionic 

motions in forsterite (Price et a/. 1987) and to other magnesium sUicate polymorphs which are 

important mantle phases to determine elastic and thermodynamic properties (Parker and Price, 

1989). The same lattice dynamic simulation technique has been employed in a similar way to 

reproduce the phonon frequencies of sinhalite with the following aims: to enable assignment 

of low wavenumber modes in the experimental spectra; to investigate coupling between 

modes, for example between the and 0)3, and between the o, and A1 modes; to determine 

whether Raman-active modes in the 700-750 cm^ region involve displacement of Ml 

aluminium; to locate the inactive A. modes to allow more refined mode partitioning for input 

into the Kieffer models of sinhalite, (Section 4.6). The values produced by the simulations for 

heat capacity and entropy may also be useful for comparison with the values derived from the 

Kieffer model.

5.2. Atomistic Simulations.

The method of atomistic simulation used in the present work is described in detail in Price and 

Parker (1988) and Parker and Price (1989) and will be briefly reviewed here. In atomistic 

simulations, as the term implies, only interactions between atoms, or ions are considered. The
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basis of the technique is the Bom model of solids, in which the interactions between ions are 

described electrostatically by interatomic potentials, the sum of which give the lattice energy 

of the mineral. Thus the interatomic potentials are a key part of a simulation, and indeed are 

more important in determining the success of a simulation than any other approximation used.

The stmcture and the elastic, dielectric and vibrational properties of sinhalite have been 

simulated using the computer code PARAPOCS (Phonon-Assisted Relaxation Applied to the 

Prediction Of Crystal Structures), (Parker and Wall 1990). The methods employed by 

PARAPOCS have been described (eg Parker and Price, 1989), and the fundamentals are 

outlined below.

To predict the physical properties of a solid, it is necessary to know the type of ions and their 

arrangement within the structure, since this will determine all the physical properties. 

Expressions describing the interactions (forces) between the ions in the structure are also of 

primary importance, and are described by interatomic potentials. These are usually pair-wise 

and additive, but three body terms may also be included. It is vital to include all important 

interionic interactions in a simulation, and to have adequate potential functions to describe 

them. The "transferable potential" approach (eg Price et al., 1987) has been used here. In this 

approach, interionic potentials obtained from measurements made on simple oxides such as 

MgO and SiOj are used to describe interactions between Mg-O and Si-0 in more complex 

substances. The success of this method has been demonstrated in the simulation of forsterite, 

Mg2Si0 4 , for which the structure, elastic and vibrational properties of forsterite were 

reproduced (Price et al. 1987). The input for such simulations consists only of the ionic 

coordinates derived from X-ray structure determination, the mass and charge of the constituent 

ions and analytical functions to describe the forces between them. Because of periodicity in 

a crystal lattice, for simulations of perfect lattices, only a single unit cell is considered as this 

contains enough information to describe the whole crystal.

A crystal contains energy by virtue of the ions that forai it and the interactions between them. 

The sum of all the interactions between pairs and groups of ions is the lattice energy of a 

crystal, and may be represented by

E(r;j) = Xij q^q/fÿ + Sy <Pij ■*" ^y k (5.1)
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The first term in Equation (5.1) represents the long range Coulombic interaction between the 

effective ionic charges, which is the main component of the lattice energy. The second term 

represents the short range repulsion between neighbouring electron clouds, van der Waals 

interactions and polarisability. Polarisability must be included if dielectric properties are to be 

calculated, and is simulated by the "shell model", in which the outer electrons are represented 

by a massless shell which carries the total negative charge of the ion, and is connected to the 

core ( ie the nucleus plus tightly bound, innermost electrons) by a hannonic spring. Hence, 

free ion polarisability (oq) is approximated by

oq = (Y ,e % i+ r, (5.2)

where Yje is the shell charge and kj the spring constant between the core and sheU. The last 

term in the lattice energy expression (Equation 5.1), represents three-body interactions, which 

are defined explicitly for each simulation. Bond covalency and directional properties are 

modelled by the inclusion of three body terms, in the present case between O-B-0 in the BO4 

tetrahedron. Similar terms have been successfully applied to the modelling of the SiO^ unit 

in forsterite (Price et al., 1987).

^ÿlT (5.3)

where k®iĵ  is the spring constant, 0̂  ̂is the O-B-0 bond angle, and Gq is the ideal tetrahedral 

angle of 109.47°.

Pair-wise interionic interactions are expressed as analytical functions or potentials. In the 

present sinhalite simulations, and the forsterite simulations (Price et at. 1987), the Buckingham 

potential function for short range interactions was used. The Buckingham potential may be 

expressed as:

Pÿ Aÿ®^P("ti/Pij)"Qjj/fy (5.4)

where the first term reproduces the effective two-body repulsion and the second the effective 

two-body van der Waals attraction. The parameters A, p and C are determined by empirical 

fitting methods, and must be determined for each type of pair-wise interaction in the substance 

under investigation.
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Before carrying out a dynamic simulation, PARAPOCS first relaxes the input structure. The 

aim is to ensure that all ions in the primitive unit cell lie in potential minima. The primitive 

unit cell is usually taken to be the fundamental vibrating unit in lattice dynamical 

investigations. The constant volume minimisation aims to remove the forces acting on the ions 

while leaving the cell dimensions fixed. These forces arc the first derivative of the lattice 

energy, q defined by

Qi = dV/dn (5.5)

where V is the unit cell volume and r; are the modified ionic coordinates. The modified 

coordinates are related to the original ones by

Ti = To - qo . Ho (5.6)

where Hq is the inverse of the second derivative of lattice energy matrix. The above expression 

is applied iteratively until the forces are removed (% = 0 ), and the minimised coordinates are 

obtained.

In a dynamic simulation, the equations of motion for each ion in the unit cell must be solved 

in order to calculate the internal stress caused by ionic vibrations. Stress is defined as dG/dV, 

the derivative of free energy with respect to volume, and since G can be calculated directly 

from the phonon frequencies, these frequencies must be obtained. dG/dV gives the vibrational 

energy, or kinetic pressure associated with a structure at a given temperature. This pressure 

must be equal to the pressure acting on the crystal from beyond its boundaries (the applied 

hydrostatic pressure at which the simulation is run), or a net force will act on the crystal 

inwards or outwards, and the crystal would contract or expand. To remove all mechanical 

strain acting on the unit cell, a constant pressure minimisation is carried out and the 

mechanical strain is removed by calculating the first and second derivatives of lattice energy 

with respect to strain. The first derivative is stress, the second derivatives are the elastic 

constants, from which the strain can be derived by using Hooke’s Law. Once the strain has 

been evaluated, new ionic coordinates are calculated by applying the calculated strain to the 

original coordinates. To ensure that each ion is at a potential minimum after the new 

coordinates have been calculated, a constant volume minimisation follows each constant 

pressure iteration.
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A major assumption associated with the vibrations is the quasi-harmonic approximation, in 

which the vibrational motions in a solid are made up of independent, quantised harmonic 

oscillators whose frequency varies with volume. Thus the crystal structure is not fixed, with 

ionic coordinates and therefore unit cell parameters allowed to vary. The cell volume changes 

model the thermal expansion, which is an anharmonic effect. However once new unit cell 

parameters and coordinates are calculated, the ions are treated as harmonic oscillators.

Any ion when displaced by a small amount, will experience a restoring force proportional to 

the displacement,

F, = ÔU/ÔUi (5.7)

where U is the interatomic potential, u is the displacement of ion i from its equilibrium 

position and F is the restoring force. Fj may also be considered as the force acting on ion i 

due to the displacement of all other ions (j) in the crystal, that is

F, = T(5^U/5u|.gUj) Uj (5.8)

To describe the motions of the unit cell, 3n Newtonian equations of motion must be solved, 

where n is the number of ions in the unit cell. These equations may be written

mj(ô^iyôt^) = -ôU/ÔUi (5.9)

where mj is the mass of ion i. The displacement of an ion (uJ, the interionic separation, (R) 

and the frequency of an associated vibrational mode ((o(q)) are related by the expression

u = e(q) exp(iqJl - (o(q)t) (5.10)

where q is the reciporical lattice wave vector for lattice waves, and e(q) is the polarisation 

vector describing the ionic displacements involved in the vibration. The equations of motion 

are solved by substituting Equations (5.8) and (5.10) into (5.9) to give

m©^(q)e(q) = D(q)e(q) (5.11)
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For a given value of q, this equation gives 3n eigen values, (e^(q), CyCq), e,(q)), which are the 

squared frequencies ùf(q) of the normal modes of vibration. D(q) is the dynamical matrix.

D(q) = E(ÿU/5U|.5Uj) exp(iqJ?) (5.12)

Phonon frequencies depend on the wave vector q, and this variation is known as dispersion. 

To fully account for dispersion, strictly it is necessary to calculate values of frequency for 

every point in the Brillouin Zone for each mode, however the required calculations are much 

reduced if phonon frequencies are calculated only at points on a three-dimensional mesh 

within the Brillouin Zone. In this approximation, the points are weighted according to the 

number of times they occur, for instance point 0 ,0 ,0  occurs once in an orthorhombic cell such 

as sinhalite and has a weighting factor of one, whereas point (0.5,0.5,0.5) occurs eight times 

and has a weighting factor of eight. In the present simulations, the mesh contains 27 points. 

The approximation breaks down only at temperatures below about 50K, when only the 

acoustic vibrational modes close to the Zone centre are populated, for which the mesh is too 

coarse.

From the phonon frequencies, the vibrational energy (E), heat capacity (Q ) and entropy (S) 

may be calculated from the following expressions by summing over all phonon frequencies,

E = k Æ , “  (x/2 + (5.13)

S = k E ,“  (-ln(l.e-^) + x/(e‘-l)) (5.14)

C; = k E ,”  (xV)/(e‘-l)^ (5.15)

where x = hoo/kT and k is Boltzman’s constant, h is Planck’s constant and T is the 

temperature in Kelvins. In the present case 300K was specified, since the experimental 

structure and spectra being simulated were collected at this temperature, (except for the Raman 

spectra, see Section 4.5). The zero point energy, Ejhm/Z is included in the vibrational energy.
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5.3. Sinhalite Atomistic Simulations.

5.3.1. Introduction.

Atomistic simulations of sinhalite have been carried out in order to explain features of the 

experimental polarised vibrational spectra whose interpretation are ambiguous after 

consideration of existing isotopic data (Tarte et al., 1985, Paques-Ledent and Tarte, 1973), 

(Sections 4.3 and 4.4). For example, many sinhalite modes below approximately 500 cm'* are 

difficult to assign because of small and “ Mg peak shifts below 550 cm'*, and also because 

aluminium motions cannot be directly identified since isotopic substitution is not possible. The 

degree of mixing between modes such as and x>i, and aluminium motions and 1)4 was 

difficult to ascertain. Raman data (Section 4.5) has also revealed some interpretational 

complexities which result from the observation of Raman peaks in the 700-750 cm * region. 

Provided that the simulations can accurately reproduce the structure and phonon frequencies 

of sinhalite, the eigen vector displacements of the ions in the unit cell will allow interpretation 

of coupling between modes, and assignment of modes below 500 cm * to specific cations or 

groups of cations. A comparison may be made between the density of states calculated by the 

simulation, and the rather crude approximation to the density of states derived from the 

spectroscopic data for the Kieffer model in Section 4.6. The heat capacity and entropy data 

calculated by the atomistic simulation and Kieffer models can be compared to obtain a check 

of the values produced by these two techniques.

5.3.2. Data used in the Simulations.

A number of published boron-oxygen potentials (Abramo etal., 1983; Soppe, 1981; Xu, 1988) 

were used to try to reproduce the structure and vibrational spectrum of sinhalite. All of these 

potentials were developed to model borate glasses by molecular dynamics, and the borate 

glasses studied in these investigations contained boron in predominantly three fold 

coordination, the quality of the potentials being determined from the radial distribution 

function about the central boron ion. These potentials were all found to be unsuitable for use 

in these sinhalite simulations, producing structural and symmetry changes to the sinhalite 

lattice and/or producing very unrealistic values for phonon frequencies. As noted in Section

2.4.3, there is a significant difference in bond length between trigonally- and tetrahedrally- 

coordinated boron, with average bond lengths differing by approximately 0 .1  A, and it is 

therefore reasonable not to expect boron-oxygen potentials to be transferable between the two
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coordination states. Studies to develop boron-oxygen potentials for crystalline BjO, (I) and 

B2O3 (II) (Takada 1992) which contain three-fold and four-fold coordinated boron respectively 

have shown this is indeed the case.

Short range shell model potentials using the Buckingham form were developed for BjO, (II) 

by a combinaticm of quantum mechanical and molecular dynamics methods (Takada 1991) in 

order to obtain a tetrahedral boron-oxygen potential for use in sinhalite. The results for B2O3 

(II) when the potential was used to simulate this phase in PARAPOCS were very 

unsatisfactory, as it was not possible to reproduce the structure. However, despite the failure 

to simulate the simple oxide phase, the potential (BTHl) was successful in reproducing the 

sinhalite structure and reasonable phonon positions. The details of BTHl are given in Table

5.3.1. The short range potential data used for Mg-O, Al-0 and Ocore-0«« interactions was 

taken from Lewis (1985), and terms describing the three body O-B-0 interactions are the same 

as those used to describe the O-Si-0 interactions in forsterite (Price et a l, 1987) since none 

specific to boron-oxygen three body interactions were available. The ionic coordinates for 

sinhalite were taken from Chapter 3, and the ideal sinhalite composition MgAlBO^ is assumed.

The construction of the simulation was less rigorous than that of forsterite, as the parameters 

describing the three body term were not developed especially for sinhalite, but were taken 

from the forsterite simulation of Price et a l  (1987). However the development of the boron- 

oxygen potential is still at a relatively early stage and hence boron-oxygen interactions are 

presently far less well known than those between silicon and oxygen. The present work 

represents the first known attempt to simulate a crystalline borate. The simulation may be 

judged a success since it has reproduced the sinhalite structure and has produced a reasonable 

match to the experimental vibrational spectroscopic data, thus fulfilling the objectives stated 

in Section 5.1.
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Table 5.3.1. Input parameters used in the sinhalite simulation.

Cation charge and mass.

Charge Mass

Boron + 3.0 10.811
Aluminium + 3.0 26.982
Magnesium + 2 .0 24.305
Oxygen core + 0.84819 15.990
Oxygen shell - 2.84819 0 .0 0 0

Short range (Buckingham) potentials.

Pair potential A B

B - 0^ 900.0 0.32052
Mg - 0^ 1428.5 0.2945
A1 - 0^ 1114.9 0.3118
Ocore - Ocore^ 22764.0 0.149

10.66158
0.0
0.0

27.88

"Takada and Hayward, potential BTHl, (unpublished data); *Lewis and Catlow, (1985).

Shell model spring constant.

Oxygen^ 60.92038

Three body term.

Spring constant (eVÂ'^)

O-B-0^ 2.09724

Values developed for silicate simulation and taken from simulation of forsterite 

simulation of Price et a/.(1987).
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5.3.3. Results.

The simulation results for structure and phonon frequencies are compared with experimental 

data for sinhalite in Tables 5.3.1 and 5.3.2, and illustrated in Figures 5.3.1 to 5.3.3. The 

reproduction of the structure is reasonable, with all simulated coordinates lying close to their 

experimental positions CTable 5.3.1), and all symmetry of the Pbnm space group preserved. 

The BTHl potential is the first boron-oxygen potential to achieve the preservation of the 

sinhalite structure. The cation-oxygen bond lengths are reasonably close to experimental values 

for the M l and M2 polyhedra, but the boron-oxygen bonds are significantly longer in the 

simulation than in the real structure, and largely account for the 6.4% dilation in unit cell 

volume in the simulation, and also for some short M l-01 and M2-02 bond lengths which 

occur in the simulation. However the shape of the BO4 tetrahedron is relatively well preserved 

in the free energy minimised structure produced by the simulation, with similar relative boron- 

oxygen bond lengths and O-B-O bond angles to the experimental ones, (ie the dilational 

distortion of the BO4 tetrahedron is reasonably uniform with respect to direction).

The boron-oxygen bond length, which is considerably longer than experimental values 

(Hayward et at. in prep.) is expected to cause a decrease in the bulk modulus because of the 

increase in the "deformability" of the BO4 anion, which will have repercussions for the whole 

structure. The bulk modulus calculated for sinhalite by PARAPOCS is 1921 kbar, which may 

be expected to be a minimum value in view of the long B -0 bonds in the simulation. The 

value for the bulk modulus calculated from the relationship between bulk modulus and unit 

cell volume for silicate olivines (Liebermann, 1975), is 1550 kbar, (Section 4.6). The 

discrepancy is large (23.9%), but with the present data, it is not possible to suggest which of 

the two values is likely to be the most realistic. The compressional and shear velocities of 

sinhalite calculated using PARAPOCS are 10.079 and 5.503 kms'^ respectively. These are 

higher than the values of 8.15 and 4.30 kms * calculated from data for silicate olivines 

(Liebermann 1975), which were used in the Kieffer models (Table 4.6.1), and probably result 

from the higher bulk modulus calculated in the simulation.
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Table 5.3% Comparison of experimental and simulated crystallographic parameters for sinhalite

Experimental Simulation

a 4.3320(5) A 4.4798 A
b 9.8819(4) A 10.0288 A
c 5.6813(4) A 5.7599 A
Cell volume 243.2073(3) A’ 258.7751 A’

X y z X y z

Ml 0.0 0.0 0.0 0.0000 0.0000 0.0000
M2 0.0147 0.2761 V4 0.9924 0.2822 0.2500
B 0.4085 0.0874 14 0.4296 0.0905 0.2500
oi 0.7410 0.0806 Va 0.7832 0.0804 0.2500
02 0.2566 0.4441 Va 0.2703 0.4400 0.2500
03 0.2647 0.1488 0.0385 0.2670 0.1481 0.0268

Ml-Ol 1.9776(6) A 1.917 A
M1-02 1.8530(6) 1.868
M1-03 1.8772(6) 1.917

Average Ml-O 1.903 1.901

M2-01 2.202(1) 2.230
M2-02 2.035(1) 2.014
M2-03 2.1192(7) 2.230
M2-02 2.0377(7) 2.009

Average M2-0 2.092 2.120

B-Ol 1.442(2) 1.587
B-02 1.586(2) 1.755
B-03 1.483(1) 1.587

Average B-O 1.499 1.629

Despite the rather poor reproduction of the boron-oxygen bond lengths, the simulation has 

reproduced the general features of the vibrational spectrum with reasonable accuracy, and in 

having achieved this, may be considered a success despite its imperfections. In particular, the 

frequency distribution of the modes calculated in the simulation matches quite closely the 

distribution observed in the experimental spectra. This is seen in Figure 5.3.1 which compares 

the observed mode positions with those predicted by the simulation. Infrared mode positions 

are represented in the figure by a single, solid line whose position is determined by the 

numerical average of the LO and TO mode positions. The following general features of the 

experimental spectra have been reproduced in the simulation (Figure 5.3.1).
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1. The tetrahedral stretching modes (8  antisymmetric and 4 symmetric) occur in the range 

1219 to 797 cm '\ with the two highest wavenumber infrared modes and 

separated from the other infrared modes by approximately 60 cm \

2. The groups of modes centred on 800 and 725 cm * containing modes dominated by

and AIO5 motions respectively, are identifiable although in the simulation. These 

groups are less well defined and cover a wider frequency range than in the 

experimental spectra, and are also displaced slightly to lower frequencies in the 

simulation relative to experiment.

3. The gap between modes at 700 and 600 cm * although this is less clear in the 

simulation.

4. There is an approximately continuous distribution of modes below 600 cm *.

5. The lowest frequency modes in all polarisations are translations or rotations involving 

the BO4 anion.

6 . Aluminium is stationary in all Raman-active modes as predicted by FGA, (Table 

4.2.1). This provides confirmation that aluminium lies on the centre of symmetry.

The lowest optically active mode in the simulation at 151-150 cm * is in excellent agreement 

with the position of the lowest mode in the experimental spectra, which occurs at 155-145 

cm'*, however these two modes do not correspond to each other since they occur in different 

polarisations - the simulated mode in Bjg and the experimental mode in B^,. The experimental 

and simulated spectra and the assignments made for the bands are compared in more detail 

in Figures 5.4.1 and 5.4.2. Most of the simulated modes can be correlated with experimental 

equivalents, and although the general positions of groups of modes in simulation and 

experiment are in reasonable agreement as seen above, in detail many modes in the simulation 

occur at significantly different wavenumber to their probable experimental equivalent 

However it is encouraging to note that 22% of modes occur in the simulation 10 cm * or less 

from their experimentally observed position and that some 39% of modes agree to within 20 

cm *. Most of the most serious discrepancies are associated with modes which occur in the 

frequency ranges associated with the BO4 0)3 and O4 modes (1200-850 cm * and 6(X)-450 cm * 

respectively). Therefore it is probable that the boron-oxygen potential is the main contributor 

to the differences between simulated and experimental mode frequencies.
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Figure 53.1. Comparison between the positions of vibrational modes predicted by PARAPOCS and those observed in the experimental polarised spectra.
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Table 5 .3J. Comparison of simulation and experimental mode positions for sinhalite.

(Entry of simulated and experimental values in the same row 

does not necessarily imply that modes are considered equivalent).

Inft-ared

Bu

Simulation Experimental Simulation Experimental

LO TO A LO TO A LO TO A LO TO A

1098 929 169 1093 899 ]195 1126 1123 3 1101 1082 193
718 580 139 732 692 40 1015 931 84 1000 889 111
552 516 36 609 584 25 774 726 48 816 775 41
506 500 6 570 548 22 668 653 15 713 685 28
442 442 0 650 642 8 611 578 33
361 334 27 518 491 27 577 537 40
323 319 4 436 401 35 531 504 27 527 502 25
296 293 3 336 320 16 489 476 12 514 475 39
251 251 0 226 217 9 461 405 56 436 399 37

402 391 11 335 230 15
379 348 31 226 217 9
312 312 0
151 150 1

Simulation

B,.

Experimental

A,

Simulation

LO TO A LO TO A

1219 1080 139 1227 1065 162 1022
1020 1019 1 1030 950 80 582
812 772 40 796 773 23 515
751 662 89 742 689 53 496
644 642 2 620 601 19 429
637 514 123 576 543 33 377
495 486 9 536 475 61 301
477 450 27 443 417 26 278
412 412 0 427 378 49 232
393 391 2 302 287 15 97
336 330 6 155 145 10
324 323 1
220 220 0
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Raman

Simulation

985
797
677
655
521
424
390
364
340
266
215

Experimental

1044
859
796
745
608
485
409
399
375

232

Simulation

1008
823
697
677
542
469
431
378
340
310
260

Experimental

1016
994
715

525
468
417
386

317
290

Simulation

941
606
466
425
380
278
207

Experimental

945
710
555
405
382

228

Simulation

1017
603
490
420
392
342
220

Experimental

873
609
496
465
420
328
275

5.4. Interpretation and discussion.

The simulated mode positions and assignments are compared with those of the experimental 

spectra in detail in Figures 5.4.1 and 5.4.2. Although the general features of the experimental 

spectra are reproduced in the simulation, match between the simulated and experimental 

polarised spectra is less close in detail. Specifically, some BO4 mode positions and the LO-TO 

splitting of several infrared bands in the simulation do not agree well with the experimental 

data. Despite these shortcomings however, the data produced by the simulations allows 

progress to be made in understanding the vibrational motions of ions in the sinhalite structure.
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Figure 5.4.1a. Assignments for experim ental and simulated Biu modes.
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Figure 5.4.1b. Assignments for experim ental and simulated Biu modes.
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Experim ent

Figure 5.4.2a. Assignments for experimental and sim ulated A« modes.
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Figure 5.4.2b. Assignments for experimental and sim ulated Big modes.
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Figure 5.4.2d. Assignments for experim ental and simulated B), modes.
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The long boron-oxygen bonds produced by the simulation probably explain the extension of 

simulated V3, \)i, 1)4 (and probably 1)%) modes to frequencies below the ranges for these modes 

observed experimentally. For example the simulated % modes cover the range 1219-796 cm \  

which extends to approximately 60 cm*‘ below the lowest experimental mode. Most of the 

simulated \>3 modes involve minor octahedral cation motion, mostly Ml (infrared modes only) 

and some M2. These M l and M2 motions are more important in the lower wavenumber 1)3 

modes. Participation of octahedral cations in the 1)3 modes in olivines is well established for 

silicates, in which there is a linear relationship between octahedral cation mass and the 

positions of the 0)3 modes, (Tarte, 1962).

The region below the 1)3 modes is complex. Four modes (Ag, Big, 82  ̂ and 83J ,  between 812 

and 677 cm** involve highly symmetrical "breathing" motions of oxygens around the central 

boron with or without motion of boron itself, and thus are most hkely to represent the four 

\>i modes expected in these polarisations from SGA predictions. The lowest simulated mode 

is about 1(X) cm * below the lowest wavenumber experimental mode (Bju TO at 773 cm *). 

These modes include some antisymmetric character, including small displacements of boron, 

and indicate the existence of coupling between o)i and 1)3 modes. Significant M l cation 

displacement is involved in all infrared modes between approximately 770 and 662 cm'*, 

which confirms the existence of coupling between \)i and aluminium motions and is therefore 

the cause of lower \>i positions in sinhalite than forsterite (Sections 4.6). A mode involving 

rotation of the 8O4 tetrahedron as a discrete unit is predicted in the simulated 8 ,„  spectrum, 

but no such modes have been assigned in this study or by any previous investigator ), (Table

4.3.1).

Two other modes in this region involve M l displacement, and may represent the 

experimentally observed modes assigned to aluminium motions from isotopic data (Tarte et 

a i  1985). The first is a 8^^ mode involving M l displacement but no symmetrical 8O4 motion, 

which occurs at 718-580 cm'*, amongst the modes assigned to motions, and probably 

corresponds to the experimentally observed 8 i„ mode at 732-692 cm *. The second is a 83  ̂

mode at 751-662 cm * which involves relatively symmetrical tetrahedral distortion and 

significant M l displacement and may correspond to the experimental 83  ̂mode at 796-773 

cm *. It should be noted that the Raman modes with simple tetrahedral rotational displacement 

which were suggested in Section 4.6 to explain the Raman bands in the 750-700 cm * region 

are not predicted by the simulation, and these peaks therefore remain difficult to assign.
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12 modes between 655 and 521 cm'^ may plausibly be assigned to the 12 modes predicted 

by SGA from the ionic motions involved. In the simulated modes, boron is stationary during 

most of these, and minor M l and M2 motion accompanies the lower wavenumber modes of 

the group. These modes lie close to the range of experimental \>̂ modes which extend between 

approximately 610 and 510 cm '\

Several BO4 rotational modes occur between 500 and 430 cm \  and rotational and translational 

modes between 240 and 430 cm ^ These tetrahedral modes are usually accompanied by 

octahedral cation motion and indicate that at lower wavenumbers, the cluster approximation 

is probably a greatly oversimplified description of real ionic motions. Modes involving boron 

in relatively symmetrical bending motions with little or no Ml or M2 movement occur 

between 350 and 400 cm*‘ and are likely to represent the tetrahedral fundamentals. These 

are invariably the most difficult of the "internal" tetrahedral modes to identify in the 

experimental olivine spectra because they occur amongst numerous octahedral and coupled 

octahedral-tetrahedral modes, and have been tentatively assigned to experimental modes in a 

similar wavenumber range.

One of the aims of the simulations is to clarify mode assignments and it is possible to make 

some provisional assignments from the present results. However, research on the development 

of boron-oxygen potentials for tetrahedral boron is at a relatively early stage and although the 

results of this simulation are encouraging, the boron-oxygen potential BTHl has some 

shortcomings and may not give a completely accurate indication of the role of boron in these 

displacements, which are of an intrinsically coupled nature. Therefore it is considered valid 

only to make provisional assignments of modes where one or other type of motion clearly 

dominates a particular mode, determined from the eigen vectors describing ionic 

displacements. These assignments are illustrated in Figures 5.4.1 and 5.4.2 together with those 

made from the experimental spectra (Sections 4.4 and 4.5). In these figures, the degree of 

participation of a cation in each mode has been determined using an arbitrary scale from the 

magnitudes of the ion displacement eigen vectors, and is indicated by parentheses, with no 

parentheses for major participation, single parentheses for moderate participation and double 

for minor participation.
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Table 5.4.1. Provisional assignments of simulated modes of vibration to M l and M2 modes.

M l

7515 A.
489 - 476 B..
477 - 450
412 - 412 B3.
377 A.
312 - 312 Bz.
232 A.

M2

469 B„
431 B„
392 B3,
390 A,
379 - 348 B,.
364 A.
336 - 330 B3.
301 A.

One of the aims of this study was to identify M l and M2 modes. From consideration of the 

eigen vector displacements of the ions calculated in the simulation, provisional assignments 

have been made for some of these modes, and these are shown in Figures 5.4.1 and 5.4.2 and 

Table 5.4.1. M l plays a significant role in many of the strongly coupled tetrahedral-octahedral 

infi-ared modes between 550 and 400 cm '\ and both M l and M2 motions couple with most 

of the BO4 rotational and translational modes in the range between 250 and 150 cm '\ The 

locations of simulated M2 modes and those assigned to M2 motion in the experimental spectra 

are reasonably similar, (Figures 5.4.1 and 5.4.2). The magnesium-oxygen potential is 

considered to be the most reliable in the simulation, being known to be transferable into the 

magnesium silicate polymorphs (Price et a i  1987) with successful results, and it is therefore 

unlikely to be coincidental that the structure of the M2 polyhedron and its associated 

vibrational modes are better reproduced than those of the M l or tetrahedral sites in the 

simulated structure. Therefore it is considered reasonable within the constraints of the present 

simulation to make direct comparisons between the simulated and experimental M2 modes 

only. Displacements of M2 infrared absorption bands have been identified in isotopically 

normal sinhalite at 490 and 406 cm'^ by ^ ^ g  substitution (Tarte et a i  1985), while bands at 

425 and 330 cm^ were provisionally identified by these authors because of their small and 

inconclusive ^^Mg-shifts. Although the mode in the simulation that corresponds to the band 

experimentally observed at 490 cm \  the occurrence of simulated modes at 431, 391 and
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around 330 cm^ is therefore in reasonable agreement with the experimental isotopic data.

The location of the ten modes will have a significant effect on the values of the 

thermodynamic properties of sinhalite as they constitute a significant proportion of the 81 

optically active vibrational modes. The occurrence of an mode in the simulation at 96 cm^ 

is significant for the thermodynamic properties, particularly at low temperatures.

The dielectric properties of sinhalite have not been accurately predicted as the LO-TO 

splittings (A) of many of the infrared modes do not match those of their probable experimental 

equivalents. In particular, excessively large splittings of some simulated modes associated with 

boron and aluminium displacement occur in the and spectra.

5.5. Thermodynamic properties calculated by the simulation and comparison with data 

produced by the Kieffer model.

Values of the heat capacity and entropy of sinhalite have been calculated by the simulation 

between 100 and lOOOK. This thermodynamic data will now be described and compared with 

values calculated using the Kieffer model (Section 4.6) to see how good the agreement 

between the values of heat capacity and entropy produced by these two techniques is. As 

explained in Section 4.6, because thermal expansion for forsterite, and estimated values of 

acoustic velocities and bulk modulus had to be used in the Kieffer models because of a lack 

of experimentally measured values, the values of Cp and Sp produced by the Kieffer model 

may not be accurate, especially at higher temperatures where the effects of thermal expansion 

become more important. In PARAPOCS, the thermal expansion may not be reliable because 

the unit cell volume calculated for the structure at 300K is 258.sA^ compared to the 

experimentally determined value of 243.2Â^. Therefore in the following discussion only values 

of Cy and Sy are compared. The values of heat capacity and entropy at constant volume and 

pressure are given below in Table 5.5.1 and comparisons between the values of Cy and Sy 

calculated by PARAPOCS and Kieffer model 2^, which is considered the best Kieffer model 

(Section 4.6) are shown in Figures 5.5.1 and 5.5.1 respectively.
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TaUe 5.5.1. Heat capacity and entropy at constant volume and pressure calculated for sinhalite by 

PARAPOCS and comparison with values calculated using Kieffer model 2^, (Section 4.6).

T(K)

C, (Jmol *)

PARAPOCS 
Kieffer 2^

100 200 300 400 500 600 700 800 900 1000

25.613 78.176 112.084 132.174 144.438 148.771 157.507 161.147 163.758 164.815
32.193 79.716 111.818 131.642 143.969 151.907 157.220 160.916 163.576 165.543

C, (Jmol *)

PARAPOCS 25.627 78.379 112.623 133.098 145.747 153.965 159.579 163.583 166J65 167.860
32.435 80.326 112.948 133.467 146.692 155.745 162.419 167.742 172.316 176.512

S, (Jmol 'K ‘)

PARAPOCS 
Kieffer 2„

6.391 40.369 78.799 113.869 144.655 171.619 195.405 216.601 235.655 252.931
15.575 53.207 92.106 127.218 158.025 185.024 208.866 230.118 249.228 266.574

S, (Jmol *K '>

PARAPOCS 
Kieffer 2^

6.391 40.425 78.995 114.268 145.299 172.529 196.609 218.099 237.454 255.052
15.815 53.818 93.236 129.046 160.744 188.861 214.062 236.939 257.971 277.542

Figure 5.5.1. Comparison between the values of C, calculated by PARAPOCS and Kieffer Model 2^
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Figure 5^.2. Comparison between the values of S, calculated by PARAPOCS and Kieffer Model 2p
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The agreement between the values of Q  calculated for sinhalite by PARAPOCS and Kieffer 

model 2d is good at and above 200K (Figure 5.3.4), with a difference of only 2% between the 

two values at 200K, which reduces to less than 0.5% at lOOOK. There is a relative variation 

between the magnitude of the heat capacity calculated by the two techniques in different 

temperature ranges. At low temperatures (100-200K) the Kieffer model predicts the highest 

values of heat capacity, while at temperatures between 300 and 900K PARAPOCS predicts 

higher values of Q  than Kieffer model 2d, and at lOOOK the Kieffer model predicts a slightly 

higher value of than the simulation. The reason for these differences in predicted values 

of Q  probably lies in the different density of states of sinhalite used by the two techniques 

to calculate the heat capacity. PARAPOCS has calculated the density of states from points 

within the Brillouin zone, whereas the Kieffer model uses an approximation to the density of 

states derived from experimental spectroscopic data at the zone centre.

The average density of states between 675 and 150/130.3 cm‘‘ used in the Kieffer Model 2d’s 

third optic continuum gives a higher density of states in the lowest region of the spectrum than 

that calculated by PARAPOCS (Figure 5.5.3), even allowing for the effect of the Â  mode at 

97 cm'i predicted in the simulation and not included in the Kieffer model. This will raise the
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heat capacity calculated by the Kieffer model relative to that calculated by PARAPOCS in the 

lowest temperature range because more modes are contributing to the heat capacity at low 

temperature in the Kieffer model. Although the differences have been explained by 

consideration of the two models of the sinhalite density of states, it should be remembered 

(Section 1.6) that the values of the thermodynamic functions given by the Kieffer model at 

lower temperatures (<250K) tend to be of low accuracy because of poorer knowledge of the 

vibrational spectrum at lower frequencies, and hence the comparison between the two data sets 

in the low temperature region should be treated with caution.

The slightly greater values of Cp calculated by PARAPOCS in the range 300-9(X)K probably 

arise from the density of states predicted by the atomistic simulation in the region 250-400 

cm '\ which is higher than that of the average density of states in the third optic continuum 

of Kieffer Model 2q. Hence a greater number of modes are contributing to the heat capacity 

at temperatures from approximately 300K in the simulation. The difference between the values 

at lOOOK is small (0.4%) and is not considered to be significant, considering the 

approximations contained in the Kieffer model and the shortcomings of the BTHl B-O 

potential. The convergence of heat capacity values at higher temperatures probably reflects the 

relative insensitivity of the thermodynamic functions at these temperatures to variation in the 

density of states at low frequencies.

The values of calculated by PARAPOCS are lower than those produced by the Kieffer 

model between 100 and lOOOK, being integrals of Q, with respect to temperature. The entropy 

calculated by PARAPOCS may be lower than experimental values would be because the 

simulation deals with a perfect sinhalite lattice with ideal composition MgAlBO^, whereas real 

sinhalite specimens, even relatively pure ones such as the colourless sample studied here, have 

contributions to entropy from substitutional disorder and lattice defects not included in the 

present simulation.

5.6. Conclusions.

To the best of my knowledge, the atomistic lattice dynamic simulation of sinhalite presented 

above represents the first known successful simulation of a crystalline borate, and has been 

made possible by the recent development of a useful B-0 potential for tetrahedral boron
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Figure 5.5 J .  Comparison between the density of states 
used in PARAPOCS and in the Kieffer models.
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(Takada and Hayward 1992). Despite the shortcomings of the simulation, it has proved very 

useful in helping to gain a better understanding of the coupling between the various vibrational 

modes evident in the high quality spectroscopic data presented in Sections 4.4 and 4.5. In 

addition the simulation has resulted in the approximate location of BO4 rotational modes, and 

of those involving the M l and M2 site cations, in particular the M l, since very little is known 

about the displacements of aluminium in sinhalite from experimental studies. The approximate 

location of the optically inactive modes, and active modes too weak to appear above the 

baseline in the experimental spectra is of considerable importance in the construction of 

Kieffer thermodynamic models which, rely on accurate knowledge of the number and 

distribution of the vibrational modes.

Boron, commonly occurs in natural and synthetic boron-bearing crystalline and glassy phases 

in three-fold or four-fold coordinations, and frequently in both in a single material (Section

1.1). The environment surrounding the boron ion in each coordination state are rather different 

and this is reflected in the large differences in B-0 bond length and resulting differences in 

the frequencies of the borate anion vibrational fundamentals. Woik is currently under way to 

develop transferable boron-oxygen potentials for uses in minerals and glasses, (Takada, 1991, 

1992, Takada and Hayward, 1992), and has demonstrated that no single potential can describe 

the boron-oxygen interactions of both coordination states and that separate potentials need to 

be developed for three fold and four-fold anions. This work is still at a relatively eariy stage, 

however it has been possible to develop a boron-oxygen two body potential, BTHl (Takada 

and Hayward, 1992), capable of producing a useful simulation of sinhalite, although in view 

of the failure of this potential in crystalline BjO, (II), it cannot be considered transferable. This 

may be partly because the simulation of B^Og (II) did not include terms to describe the three 

body terms such as B-O-B which may be important in the framework structure of B2O3 (II).

Work is continuing on the development of the B-0 potential used in this work and with 

further improvement, they may be expected to lead to significant advances in the interpretation 

of the spectra of boron minerals and in the understanding of the lattice dynamics of these 

minerals and the consequent improvement in the prediction of the thermodynamic properties 

of these minerals.
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Chapter 6. Polarised Single Crystal Reflectance Infrared 

and Raman Spectroscopy of Danburite, CaB2Si20g.

6.1. Introduction

topologically equivalent 
Danburite, CaBjSijOg, is the non-isostructur4')Jx)ron analogue of anorthite, CaAl^SizO,, with

boron completely replacing the tetrahedral aluminium of anorthite. Danburite is orthorhombic

with space group Pnom, in contrast to anorthite which is triclinic, and has space group PI.

The feldspar mineral group has been the subject of relatively few spectroscopic studies in

comparison with the olivine group. Infrared studies of the aluminosilicate feldspars include

those of Moenke (1962, 1966), Estep et al. (1971) and liishi et al. (1971) who investigated

the albite-anorthite series and various Ge^^-, Ga^^- and Fe^^-substituted feldspars. Raman

studies, in particular those including anorthite data include those by Sharma et al. (1983),

Matson et a/.(1986) and McMillan et a/.(1982), Estep et a/.(1971) and Fabel et a/.(1972). The

only polarised vibrational studies of feldspars known are von Stengel’s, (1977) infrared and

Raman study of disordered alkali feldspars, and liishi et al.'s (1970) infrared study of

microcline. Recent crystallographic and vibrational data for a new phase KBSijOg (Kimata,

1993) is of interest as this phase is isostructural with danburite. The expanded chemical

formula is K(BQ ̂ Sio %)2(Bo.o6Sio.94)208 and the boron-silicon disorder indicated by this fonnula

is clearly visible in the spectra, which contain markedly broader bands than those of danburite

which is completely ordered (Phillips et a i, 1974).

Danburite has the distinction that is was one of the very first minerals to be investigated using 

Raman spectroscopy after the discovery of Raman scattering in 1928 (Raman and Krishnan 

1928), with the first data published just one year later (Nisi 1929). Subsequent Raman studies 

of danburite have been made by Nisi (1932), Narayanan (1952) and Kimata (1993) and 

infrared work by Matossi and Kreuger (1936), Moenke (1962, 1966) and Kimata (1993). A 

summary of infrared and Raman data is given in Karr (1975) and there is also an infrared 

investigation of OH in danburite and labradorite (Beran 1987). The data of Nisi (1929, 1932) 

do not cover the range between approximately 430 and 880 cm '\ and Narayanan (1952) made 

some erroneous assignments of bands in his spectrum above 1500 cm^; these assignments are 

reproduced in Griffith (1975), in a summary of Narayanan’s data.
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The necessity of combining infrared a/u/Raman studies to gain an understanding of vibrational 

properties is clearly illustrated by the feldspars as there are 78 Raman-active modes compared 

with only 57 infrared-active modes. Polarised vibrational studies of minerals, especially Raman 

studies, are still relatively uncommon. However, they are of great value since they allow the 

separation of often complex spectra into subsets of bands of different polarisation, and thus 

fuller analysis of directional, vibrational and thermodynamic properties of lattices than 

unpolarised or powder studies. This is particularly applicable to danburite, which has 135 

optically active modes. In this study, a complete vibrational characterisation of danburite was 

carried out from the polarised single crystal infrared and Raman data collected. In addition, 

as no thermodynamic data for danburite has been reported, the vibrational data has been used 

to predict the heat capacity and entropy of danburite using the Kieffer model (Kieffer, 1979c).

6.2. Experimental Procedure

The danburite sample used for all infrared and Raman work was a large, pale brown, opaque 

crystal approximately 2 x 1.5 x 1.5 cm in size, with well-developed (001) and (210) faces of 

approximately Icm^ from the Johnston Levis collection in the Department of Geological 

Sciences, University College London, (catalogue number 481). The crystal was oriented and 

the faces identified using back-reflection Laue photography with a Cr X-ray source operated 

at 30 kV and 20 mA.

Infrared data was collected in the region 5000 and 100 cm^ from the large natural (001) and 

(210) faces, which were hand-polished on polishing cloths using 3 pm and 1 pm alumina each 

for a few minutes to improve their reflectivity. The collection geometries for each polarised 

infrared experiment are shown in Figure 6.2.1. The spectra were collected using a Bruker IPS 

88  Fourier Transfomi Infrared Spectrometer, with Aspect 1000 control and data processing 

software, and a Specac reflectance accessory with 30° incidence angle. Full details of the 

spectrometer are given in Section 4.2.

Raman spectra were collected from very small (35 x 150 pm) oriented fragment of the large 

specimen in the region 1800-25 cm \  A small piece of the same sample with one well 

developed crystal face was cut from a smaller crystal of the main sample with a diamond saw. 

This fragment was oriented crystallographically using back-reflection Laue photography with
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a Cu source at 30 kV and 20 mA, and precession photography for final orientation with a Mo 

source and 40 kV and 30 mA. The face was thus identified as (001). The crystal was mounted 

in Lecoset 7007 cold curing resin and the polishing of faces was carried out using a Kent 3 

lapping machine with a Kemet copper lapping plate and 3 pm diamond polishing paste. Each 

face required several hours to reach the required finish. The use of coarser diamond paste, (6 

pm) caused severe plucking from the faces. Unfortunately, because of internal fractures, the 

crystal fragmented when the resin was dissolved after polishing the first face, giving a wafer

like shape with an equant (100) face of 4 mm  ̂and an elongated (001) face of 250 pm x 2000 

pm. Because of the danger of further fragmentation, a laser exit face (001) was not polished. 

However, this crystal gave excellent Raman data, which was collected in the range 25-1300 

cm ' using a Spex 1401 Double Spectrometer and 514.5 nm Ar"̂  laser excitation, at room 

temperature and under a vacuum of 10^ Pa. Laser power at the sample was 50 mW, and a 0.5 

step size and 2 second integration time were used, with a slit width of 200 pm. The collection 

geometries for each polarised Raman experiment are shown in Figure 6.2.2.

Figure 6.2.1. Sample and polarisation geometries used to collect polarised infrared danburite spectra.
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Figure 6.2.2. Sample and polarisation geometries used to collect polarised Raman danburite spectra.
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6.3. Chemical Analysis

The analyses were made from a probe section prepared from the sample. The chemical 

composition of the sample was determined using the Biricbeck College JEOL JXA-733 

Superprobe with a LINK AN l(XXX)/55s EDS X-ray analysis system, employing a ZAF4/FLS 

matrix correction programme. The chemical composition of the danburite sample is extremely 

uniform. Table 6.3.1 shows the average of 20 analyses, and a complete list of the analyses is
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presented in Appendix 6.1. Only minor amounts of other minerals are associated with the 

danburite and together they make up less than two modal percent of the section. These 

minerals are quartz, seen as minor veining with calcite and two unidentified light rare earth 

minerals occurring as inclusions in the quartz veins. Because these phases make up only a very 

small proportion of the sample, they are not expected to have a detectable effect on the spectra 

because of the insensitivity of vibrational spectroscopy to chemical changes at the percent 

level. Chromium, detected at trace levels in the present analyses was not detected in previous 

analyses (Tezula, 1970).

Table 6.3.1. EDS analysis of danburite sample 481, and comparison with previous danburite analyses.

1 2 3

SiOz 49.046 48.22 46.93
AI2O3 0 .0 0 0 0 .2 2 0.95
B2O3 .nd 28.56 .nd
FeO 0 .0 0 0 0.99

0.44
CaO 23.717 22.99 22.13
MgO 0 .0 0 0 0.11 0 .1 0
% 0.103 0 .0 0
Na2 0 0.06
K2O 0.03
P2O5 0.05
SO3 0.01
H2O 0 .0 0 0 0.32

Subtotal 72.30*
Total 72.866 100 .86 71.25

1: Present analysis. 2: Tezuka, (1970). 3: Morgan and London, (1989), 
synthetic crystals, nd = not detected by EDS analysis.
A blank entry indicates that an element was not analysed for.
'Subtotal not including the 8 ,0 , analysis to allow better comparison 
analyses 1 and 3.

No aluminium was detected in the present analyses, nor was iron, despite the pale brown 

colour of the sample. Magnesium and water were also not detected in the present analyses. 

The presence of P2O5, SO3 and alkalis in the analysis of Morgan and London may result from
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impurities introduced during the synthesis of their sample. Water is not considered to be 

present from a difference calculation of oxide totals, and also because no infrared peaks occur 

in the range 3300-3500 cm '\ (Figure 6.3.1) where the strong 0-H  stretching motions would 

occur, nor are any seen in the 1650 cm'^ region where absorption due to the H-O-H bending 

motion of molecular water should be observed. Infrared spectroscopy is extremely sensitive 

to the presence of even small quantities of hydroxyl or water.

Figure 6 J . l .  The Infrared spectrum of danburite in the region 4000-1600 cm

100

i
I

4000 3500 3000 2500 2000

-1
Wavenumber (cm )

6.4. Crystal Structure and Symmetry Analysis.

6.4.1. The crystal structure o f danburite and comparison with anorthite.

Danburite is orthorhombic, with space group Pnam, Z=4 and a=8.038 A, b=%.151 A and 

c=7.730 A, and V=543.8 Â (Hackwell and Angel, 1992). This cell is amongst the smallest 

known for a natural feldspar. The structure of danburite was reported by Philips et al. (1974)
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and is illustrated in Figure 6.4.1. It may be described briefly as follows: boron and silicon 

tetrahedra alternate in 4-membered tetrahedral rings approximately normal to the c axis. These 

rings are joined by bridging oxygens which lie on the z=V4, % mirror planes, thus forming a 

second set of 4-membered rings, approximately normal to b. These two sets of rings form the 

"double crankshaft" chains, characteristic of feldspar structures, which run parallel to c. Like 

tetrahedra (containing the same tetrahedral cation), are joined across the mirror planes via 

bridging oxygens to form and SijO, groups with T-O-T bond angles of 130.6° and 

136.8° respectively. Successive double crankshaft chains are rotated 90° alternately clockwise 

and anticlockwise and cross-link to form eight-membered rings. Throughout the following 

description and discussion, the term "chain" is used to refer to the double crankshaft formation 

in the feldspar structure. This is for convenience only, to identify a structural element in the 

structure, as since no chains exist in the feldspars, which are based on a three-dimensional 

framework of comer-sharing tetrahedra. The calcium atoms lie on the mirror plane in either 

7-fold or 9-fold coordination.

Figure 6.4.1. The structure of Danburite, (after Kimata 1993).
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Danburite is the nonisostnictural analogue of anorthite CaAlgSi^O,. This plagioclase feldspar 

is triclinic with space group PI, Z=8 with a=8.173 A, 6=12.869 A and c=14.165 A, and 

V= 1336.4 A  ̂ (Wainwright and Starkey, 1971). The doubling of the c-axis is a feature of 

feldspars where Al:Si = 1:1 and is a consequence of the "aluminium avoidance principal" 

(Goldsmith and Laves, 1955), which states that Al-O-Al bonds tend to be unstable in 

framework aluminosilicates, so that like tetrahedra are never linked by bridging oxygens. This 

does not apply in danburite, which therefore has a unit cell more similar in size to the majority 

of aluminosilicate feldspars and also to both the boron feldspar analogue, reedmergnerite 

NaBSigOg which is the isostructural analogue of albite, NaAlSi^O,, and the synthetic phase 

KBSijOg which is isostructural with danburite, (Kimata 1993). This potassium borosilicate 

phase has the expanded chemical fonnula K(Bo44Sio.56)2(Bo.o6Sio.96)208 . which was calculated 

from the tetrahedral T -0  bond lengths (Kimata 1993). The phase is therefore disordered as is 

clearly evident in its infrared and Raman spectra which contain broad bands relative to those 

of danburite or reedmergnerite, in which boron and silicon are ordered.

6.4.2. Symmetry analysis.

The unit cell of danburite contains four CaBjSijOg formula units and hence 52 atoms, with a 

total of 156 vibrational degrees of freedom. The results of a Factor Group Analysis (PGA), 

for danburite are presented in Table 6.4.1. It is not possible to classify by Site Group Analysis 

(SGA) the vibrational modes of danburite in terms of the types of motion associated with each 

cation site and their symmetry. This is because the structure of danburite is a three 

dimensional framewoik and the cation sites within it cannot therefore be considered as 

isolated, quasimolecular entities. Instead, the vibrational modes associated with each cation and 

its nearest neighbour oxygens are in virtually all cases significantly coupled with vibrations 

of surrounding cation and anions and the resulting modes are generally more complex. In this 

situation the cluster approximation, which is used to enumerate modes associated with 

polyhedral groups, does not represent the motions occurring within the structure, and its 

application via SGA produces non-integral numbers of "internal" modes associated with cation 

sites.
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Table 6.4.1. Factor Group Analysis of danburite, Pnam.

Ion Site Ag Big Big Bsg Au Blu Bzu B„
symmetry R R R R - IR IR IR

Ca m 2 1 2 1 1 2 1 2
Si 1 3 3 3 3 3 3 3 3
B 1 3 3 3 3 3 3 3 3
Oi 1 3 3 3 3 3 3 3 3
Oz 1 3 3 3 3 3 3 3 3
O3 1 3 3 3 3 3 3 3 3
O4 m 2 1 2 1 1 2 1 2

O5 m 2 1 2 1 1 2 1 2

Total 21 18 21 18 18 21 18 21
Acoustic 1 1 I
Total optic 21 18 21 18 18 2 0 17 2 0

IR = infrared=-active, R = Raman=active

The structural differences between danburite and anorthite will cause significant differences 

in their spectra. In danburite for example, there are four CaBjSijOg molecules, giving a total 

of 153 optic modes, of which 57 are infrared-active, 78 are Raman-active and 18 are inactive. 

The anorthite primitive unit cell contains eight CaAl^Si^O, molecules, which doubles the 

number of modes predicted by FGA to 312. As predicted, there is a significant increase in the 

number of bands observed in the spectra of anorthite and bytownite which have c-axis lengths 

of around 14 Â compared with albite whose c-axis length is approximately 7Â.

6.5. Infrared Spectroscopy.

6.5.1. Introduction.

The spectra are shown in Figures 6.5.1-7, with band positions and assignments listed in Table

6.5.1. The 53 out of the 57 bands predicted by FGA are observed in the spectra and observed 

band positions are in excellent agreement with the unpolarised infrared studies of Moenke 

(1966), and Matossi and Kreuger (1936), (Table 6.5.1).
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No isotopic study of danburite or any other feldspar has been reported. Therefore band 

assignment relies on consideration of spectroscopic and structural data available for other 

feldspars, eg Moenke (1966), von Stengel (1977), Phillips et al. (1974), Wainwright and 

Staikey (1971) and liishi et al. (1970). The isomorphous substitution study of aluminosilicate 

feldspars (liishi et al. 1971) is of particular value, and clearly demonstrates the high degree 

of coupling between modes in the feldspar structure. The polarised danburite spectra are 

described and discussed in terms of wavenumber regions rather than in their separate 

polarisations, as was the case for sinhalite, (Chapter 4). This is because of the generally poorer 

characterisation of the spectra of feldspars now existing.

6.5.2. Description o f Infrared Spectra and Band Assignment.

Region: 1300-850 cm'\

This region contains two groups of intense bands which lie in the ranges 1230-1079 cm*‘ and 

1065-905 cm'^ and contain 4 and 8 peaks respectively, which are separated by a minimum at 

approximately 1070 cm *. The bands of the 8 ,̂  spectmm between 1250 and 540 cm * are far 

more intense than those of the or polarisations, which are of similar intensity. The 

broad feature observed in the 1230-1079 cm * group of the Bj^ polarisation is interpreted as 

a single peak, with LO and TO components at 1201 cm * and 1079 cm * respectively, with the 

pronounced minimum at 1120  cm * in this band which is interpreted as being caused by 

interference by the Bj„ LO mode at 1120 cm *. The highest wavenumber band in each of the 

two groups occurs in the Bi„ polarisation (Table 6.5.1, Figures 6.5.1 and 6.5.5a-c), in which 

the incident radiation is polarised parallel to z, which is parallel to the double crankshaft chain 

axes in danburite. This implies that these bands represent modes that involve antisymmetric 

stretching of the Si-O^-Si and B-O5-B bonds, which are oriented approximately parallel to the 

c-axis. The T -0  distances in these bonds are the shortest and second shortest distances in the 

BO4 and SiO^ tetrahedra respectively and are expected to have relatively strong bond force 

constants in comparison with other T -0 linkages, and hence higher vibrational frequencies. 

The bands of the Bj  ̂ and B„ polarisations both occur within relatively similar wavenumber 

ranges but differing from that of the B,u bands, and arise from ionic motions approximately 

perpendicular to the chain axes. The T -0  bonds in these linkages perpendicular to the chain 

axes are oriented at approximately 10-40° to the a- and b- axes so that modes active in the 

Bju and B„ will involve a component of vibration of all of these linkages, with the result that
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the modes of the and polarisations will occur in similar frequency ranges.

Figure 6.5.1. The B,„ and B. spectra of danburite in the region 1300-850 cm \  

(Spectra plotted to the same intensity scale).
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The two groups of bands observed in the danburite spectra correspond closely to the two 

groups of bands observed in the KBr disc spectra of the aluminosilicate feldspars (liishi et al. 

1971). In these spectra however, there is no distinct minimum between the two groups of
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bands. The structure of these two groups increases in complexity with increasing aluminium 

content (ie from two bands in albite to eight in anorthite), which is due to an increase in 

distortion of the SiO^ and AIO4 tetrahedra. In danburite, the SiO^ and BO4 tetrahedra are more 

distorted than their anorthite counterparts, and thus should tend to increase the wavenumber 

range covered by these bands. However, this is not observed, with these bands covering a 

similar wavenumber interval in both danburite and anorthite. The similarity in the frequencies 

covered by these bands in danburite, reedmergnerite KBSijOg and the aluminosilicate feldspars 

implies that the Si-0 force constants exert the dominant influence on these motions in both 

the borosilicate and aluminosilicate feldspars.

This observation is confirmed by isomorphous replacement of Ge'*̂  for Si^  ̂ in albite which 

causes shifts of 176 and 151 cm'* for the higher and lower wavenumber band respectively, 

while replacement of Ga^  ̂ for Al^* causes only minor shifts of 4 and 6  cm'* respectively, 

(liishi et al. 1971). From these shifts, and earlier work (liishi et al. 1970), in which the ionic 

motions associated with certain infrared-active modes were calculated, liishi et al. (1971) 

assigned the highest wavenumber bands in the aluminosilicate feldspars to almost pure Si-0 

stretching modes, and the lower wavenumber group of bands to Si-0 stretching, which 

includes a component of Al-0 stretching, denoted by Si(Al)-0. However, in a framework 

structure such as a feldspar it is thought more likely that these highest frequency stretching 

motions involve antisymmetric motion of the bridging oxygens between their two 

neighbouring tetrahedral cations, ie T-O-T (Lazarev 1972). This type of motion was predicted 

for the highest frequency modes in sanidine by von Stengel (1977) from calculated ionic 

displacements. From the considerations discussed above and the isomorphous replacement data 

of liishi et al. (1971), the highest wavenumber modes, forming the group between 1230 and 

approximately 1070 cm * are assigned to antisymmetrical Si-O-Si stretching modes. The 

remaining antisymmetric T-O-T modes, from the substitution data should correspond to Si(B)- 

0-Si(B) motions and must lie in the region immediately below 1070 cm *. The lower boundary 

of these modes in not clear in the infrared spectra, but the Raman spectra and mode counting 

arguments, indicate that the lowest frequency symmetric stretching mode should occur between 

1025 and 1010 cm * (see below).

Several bands of moderate to low intensity occur at wavenumbers immediately below the 

lowest antisymmetric Si(B)-0-Si(B) stretching modes. In aluminosilicate feldspars, there is a 

complete absence of bands in the range 9(X)-780 cm *, and therefore these bands must involve
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boron motions. The same conclusion was drawn by Moenke (1974) when comparing albite, 

NaAlSijOg and reedmergnerite, NaBSi^Og. These bands probably correspond to the prominent 

group of bands observed in aluminosilicate feldspar spectra between approximately 800 and 

700 cm \  and hence the frequencies of the motions they represent are sensitive to the mass 

of the Ti cation. In their isomorphous replacement study liishi et al. (1971) found that in albite 

the higher wavenumber peaks in this group between 800 and 750 cm'^ shifted to positions 

about 150 cm'^ lower on the substitution of G e^ for Si^, whereas the position of the lower 

wavenumber peak of the group between 750 and 700 cm'* was unaffected. In Ga^-substituted 

albite however, the higher wavenumber group underwent an insignificant shift whereas the 

lower wavenumber band was displaced to at least 50 cm * below its normal position. The 

former of these groups therefore is dominated by silicon motion, and the latter includes 

significant aluminium motion, and they were assigned by liishi et al. (1971) to Si-Si and 

Si(Al)-Si stretching motions respectively. Lazarev (1972) however, from investigation of the 

infrared spectra of numerous structures containing the SizO? group assigns bands between 

approximately 500 and 800 cm'* in the spectra of framework silicates and aluminosilicates to 

symmetrical T-O-T stretching motions. In simple terms, each T-O-T linkage in the framework 

may be considered to have one antisymmetric and one symmetric stretching mode associated 

with i t  In danburite there are 16 T-O-T linkages, which implies a total of 32 stretching modes, 

which is the number observed in the infrared and Raman spectra between 1230 and 850 cm'*, 

(Figures 6.5.1. and 6.6.1). The symmetrical T-O-T stretching modes in danburite are assigned 

to peaks between approximately 1010 and 850 cm * from the number of modes in this region, 

(see Raman assignment for a full discussion).

The symmetric stretching of a bridging mode will be mass-sensitive because it involves 

displacements of both tetrahedral cations. Linear T-O-T bridge symmetric stretching modes 

undergo a shift of 100-150 cm * on substitution of Ge"*̂  for Si% (Tarte et al. 1973), and the 

rather high positions of the bands assigned to symmetric T-O-T stretching modes in the 

danburite spectra compared with those of the aluminosilicate feldspars are therefore plausible. 

The lack of separation between antisymmetric and symmetric stretching bands and the 

relatively low intensity of the symmetrical Raman bands indicate significant coupling between 

these two types of motion.
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Region 850-550 cm^

Two Bi„ bands at 704-680 and 628 and 610 cm'^ dominate this region. The position and 

relative intensities of tl^se bands correspond closely to bands in the KBr disk spectrum at 698 

and 617 cm^ (Moenke 1966; Kimata 1993). However a third, moderately intense band in these 

spectra at 655 cm^ has a much lower intensity in the polarised spectra, occurring in the B„ 

polarisation at 664-646 cm '\ A low intensity Bĝ  band at approximately 750-729 cm '\ 

corresponds to the similariy weak band in the KBr disk spectra at 749 cm *. These bands are 

probably equivalent to the prominent, closely-spaced group of bands observed in 

aluminosilicate feldspar KBr disk spectra between approximately 650 and 550 cm *. The Bj„ 

band at 628-610 cm * has a similar position to the extremely intense band at 619 cm * 

(Figure 6.6.5), which is assigned to symmetric T-O-T bending, and it is therefore likely that 

the corresponding symmetric infrared bends occur at similar positions. The symmetrical T-O-T 

bending motions are hence assigned to bands between 630 and 600 cm *. The antisymmetric 

T-O-T bends must occur at higher frequencies, which implies that they are represented by the 

bands between approximately 780 and 650-700 cm *. The simplistic mode enumeration scheme 

applied to stretching modes above predicts 32 T-O-T bending modes for danburite (16 

antisymmetric and 16 symmetric). 28 modes are observed in the spectra, and the remaining 

four can be accounted for amongst the 2 2  active modes and 18 A  ̂modes not observed in the 

spectra.

The moderately intense Bj^ band at 704-680 cm * has a markedly asymmetrical low 

wavenumber profile which may arise from polarisation mixing with the B̂  ̂or B„ polarisations 

which contain less intense bands between 668  and 646 cm'*, corresponding to this elongate 

profile in Bi„. A poorly defined, broad and relatively weak feature is visible in all polarisations 

at approximately 650 cm'*, (seen as another elongate low wavenumber band profile in B^J, 

and is likely to represent at least one band. Resolution of this region may be improved by a 

study at liquid nitrogen or liquid helium temperature. In the B„ spectrum, a weak shoulder at 

approximately 635 cm * occurs on the low wavenumber side of the band at 664-646 cm *.

liishi et a/. (1971) interpret most of the aluminosilicate feldspar band cluster in this region to 

be due to 0-Si(Al)-0 bending motions because of the increased splitting of bands with 

increasing An content, and hence tetrahedral distortion and lowering of symmetry, and also 

because of a slight shift to lower wavenumbers with increasing aluminium content. The lowest 

band in the group (536 cm'*, liishi et al. 1971), is shifted to lower wavenumber by the
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substitution of heavier alkali cations such as and Ba^\ and has therefore been assigned 

to a coupled O-Si-0 bend plus A-0 bend, where A=Ca^ ,̂ or Bâ .̂

Figure 6J52. The B,„, and B, spectra of danburite in the region 850-550 cm \  

(Spectra {dotted to the same intensity scale).
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Region 550-260 cm'\

This region has the highest density of states in the danburite spectra, and contains 35 observed
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infrared and Raman bands. Below 550 cm * many bands in one polarisation have positions 

corresponding closely to those of bands in one or both of the other polarisations. This implies 

that these modes have similar force constants. No similarity in band positions in different 

polarisations is evident in the polarised spectra of sanidine (von Stengel 1977) or microcline 

(liishi et al. 1970). The relative intensities of bands in the different polarisations below 550 

cm * differ from those above 550 cm *. The and B„ polarisations are of similar intensity 

and both are markedly more intense than the Bju polarisation. The general shapes of the band 

profiles in this wavenumber range matches quite closely that of the aluminosilicate feldspars 

between 500 and 250 cm *, (liishi et al. 1971). In three dimensional frameworks of SiO^ and 

AIO4 tetrahedra, bands in the region 550-4CX) cm * are attributed to O-Si-O-dominated bending 

motions, (Farmer 1974 (p365)). The bands in this region of the danburite spectra may 

correspond to similar motions, and are tentatively assigned to these bending modes.

A group of moderately intense bands is identified in each polarisation between approximately 

530 and 405 cm *, and also in the Raman spectra (see below). Bands in all polarisations occur 

between 490 and 470 cm *, and correspond to bands at 484 and 476 cm * in the KBr disk 

spectrum, (Kimata 1993). In the spectrum of KBSigO, (Kimata 1993) there is no minimum 

between this group and the symmetric T-O-T bending modes, and they occur at approximately 

20-25 cm * higher wavenumbers than they do in danburite. This is similar behaviour to that 

of corresponding bands in strontium and barium-substituted albite, which also have a 

significant Ge^^-shift (liishi et al. 1971), and these bands are therefore assigned to coupled Ca- 

O and tetrahedral bending motions. The variation of band position with composition is seen 

more clearly in the Raman spectra, and the assignment of these bands is discussed more fully 

below.

The remaining bands between 4(X) and 260 cm * comprise three main groups of bands which 

appear at similar positions in all polarisations, 396-376 cm *, 328-315 cm * and 284-270 cm *. 

In this region in silicate spectra the modes are normally bending and torsional modes of the 

tetrahedra having varying degrees of coupling with the other cations in the structure. The 

corresponding bands in the spectrum of albite undergo a shift of 80-100 cm * to lower 

frequency when Ge^  ̂ is substituted for Si*  ̂ and smaller shifts of 0-30 cm * when Ga^  ̂ is 

substituted for Al^  ̂ (liishi et al. 1971), from which it is concluded that the Si-0 force 

constants dominate the behaviour of these modes. The same bands also underwent shifts of 

20-45 cm * when was substituted for Ca^ ,̂ with the lowest frequency bands having the
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largest shifts (liishi et al. 1971), which indicates that the motions of the alkali cation exert 

more influence on mode characteristics towards lower wavenumbers. These bands are therefore 

likely to represent Si-O-dominated tetrahedral deformations with the lowest wavenumber bands 

in this group coupled with Ca-0 motions.

Figure 6 J J .  The B,„, and B, spectra of danburite in the region 550-260 cm *. 

(Spectra plotted to the same intensity scale).

50
Black
Red
Blue

25

0
500 400 300

Wavenumber (cm ‘)

156



Region 260-100 cm^.

The most intense bands in all polarisations occur between approximately 260 and 180 cm \  

and are dominated by a very intense Bju band at 232-206 cm '\ with two narrower Bi„ bands 

at 234-220 and -216-202 cm \  These probably correspond to the strong band in the anorthite 

spectrum at 237 cm \  (liishi et al. 1971). The bands in the region below about 250 cm  ̂in the 

aluminosilicate feldspars all undergo minor shifts (in general < 10cm'*) when heavier cations 

are substituted for silicon and aluminium, and larger shifts (10-20  cm^) when Ba^^ or 

Pb^^ are substituted for Ca^ ,̂ and are therefore assigned to modes dominated by Ca-0 motions 

(liishi et al. 1971). The influence of boron has shifted these bands approximately 20 cm^ 

higher in danburite than the corresponding bands in anorthite. As well as increasing tetrahedral 

mode frequencies because of its low mass, the "shrinkage" of the structure caused by the low 

ionic radius of boron results in generally shorter Si-0 and Ca-0 bond lengths than observed 

in anorthite. The average Ca-0 bond lengths in danburite and anorthite are 2.45 Â and 2.518 

A respectively. Coupling between calcium and tetrahedral motions will also lead to slightly 

higher frequencies in danburite because of the lighter average tetrahedral cation mass. The 

group of intense bands in danburite between 254 and 200 cm'^ probably correspond to the 

relatively strong band at 237 cm‘‘ in the anorthite spectrum.
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F igure 6 ^ .4 . T he B ;., and B„ spectra  o f  danburite in the region 260-100 cm  *. 

(Spectra plotted to the sam e intensity scale).
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Table 6.5.1. Band Table and Assignments for Danburite Infrared Data.

Bu B. 1 2 3 4 5
LO TO A LO TO A LO TO A LO TO

1230 1132 102 1218 1123 95 1140 1139 1158 1142 1130 1136
1201 1079 122 1110 1099 1130

1120 1093 27 1095 1098
1084 1007 77 1053 1031 22 1059 1043 16 1045 1032
980 944 b 36 1014 966 b 48 1036 ? ? 1018 1009 1000 1000 971 1011

959 905 b 54 -977 915 b -62 960 948 950 948 968
910 942

888 845 b 43 -895 850 b -45 878 883 865 864
821 -806 -45 -750 -729 -21 821 810 816

755 743 749
704 680 24 704 697 7 698 690 696

668 652 16 664 646 18 655 650 655
628 610 18 628 613 d 15 ? -635 d ? 625

618 600 d 18 617 610 613
529 515 «7 14 528 515 e? 13 525 519 523
487 476 11 486 472 14 491 478 13 486 479 472 484
450 ? ? 455 476
445 432 13 433 426 7 444 447 452
416 407 9 416 406 10 418 424 425 423

414
391 376 f 15 396 377 f 19 391 376 g 15 382 406
325 315 f 10 322 317 f 5 328 317 g 11
283 270 f 13 280 270 f 10 284 273 11
254 247 7 251 233 18
234 -220 -14 232 206 k 26

-216 202 -14 216 200 16
197 181 16 197 183 k 14
139 129 ( 10 139 128 k 11

B,„ Bj, and B,: single crystal polarised data - this study, 1: Moenke (1962, 1966), 2: Matossi and Kreuger (1936), 3 Liese (1975) summary of unpolarised data, 4: Liese (1975) 
summary of polarised data, 5: Kimata (1993).
KEY: a antisymmetric T-O-T stretch; b symmetric T-O-T stretch; c antisymmetric T-O-T bend, d symmetric T-O-T bend, e O-T-O + Ca-0,f SiO^-dominated tetrahedral 
deformations + Ca-0, g Ca-O-dominated motions.

159



Figure 6J.5. The Bj, spectrum of danburite.
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Figure 65.6. The spectrum of danburite.
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Figure 6^.7. The Bj. spectrum of danburite.
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6.6. Raman Spectroscopy.

6.6.1. Introduction.

The four polarisations, A ,̂ B^, and B^, were collected according to the geometries shown 

in Figure 6.22. The spectra are presented in Figures 6 .6 .6  -9, and band positions are listed 

in Table 6.6,1. The spectra have not been smoothed or baseline-corrected. Of the 78 Raman- 

active bands predicted by FGA, 63 are observed in the spectra: 19Ag, 16Big, ISB^, and lOB^g, 

which is in reasonable agreement with the predictions of FGA for each polarisation, (Table

6.2.1). There is reasonable agreement between the band positions observed in this study and 

in those of Narayanan (1951) and Nisi (1929, 1932).

Several bands occur in the spectra of Narayanan (1951) above 1500 cm '\ An intense, 

unlabelled band at 1700 cm'^ is caused by the 6’Pq<- 6 *So transition of the mercury arc source 

(Herzberg 1945). Two other bands at 1558 and 1581 cm * are labelled and included in the 

table of danburite fundamentals (Narayanan 1951). Neither of these bands is visible in any of 

the four Raman polarisations and it is concluded that they represent experimental artefacts, 

since they occur at frequencies greatly in excess of those observed in minerals containing 

tetrahedrally coordinated boron or silicon, and the band at 1558 cm * is far too strong to be 

attributed to an overtone or combination mode. Considering the experimental apparatus used 

in the 1951 study, which used mercury lamp excitation and did not include an evacuated 

sample chamber, these bands are assigned experimental artefacts.

No band assignment was attempted in any of the previous studies, and bands in the present 

spectra are assigned by considering the infrared band assignments, (see above) and unpolarised 

Raman data for anorthite (Shanna et al. 1983), albite and orthoclase (White 1975).

6.6.2. Description o f Raman Spectra and Band Assignment.

Region 1300-825 cm'^.

By comparison with the assignments made for the infrared spectra above, the bands in this 

region are assigned to antisymmetric Si-O-Si and Si(B)-0-Si(B) stretching motions. The bands 

at highest wavenumbers are separated from the others by a minimum at approximately 1070
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cm * as in the infrared spectra and are likewise assigned to antisymmetric Si-O-Si stretching 

motions.

Division into antisymmetric and symmetric stretches is more obvious than in the infrared 

spectra. The bands between 1185 and 1037 cm * have relatively low intensities, and therefore 

should correspond to more antisymmetric motions, whereas the three Ag bands at 1018, 983 

and 957 cm * should represent more symmetric motions because of their greater intensity. As 

discussed above, division of the infrared and Raman modes between 1230 and 825 cm * into 

antisymmetric and symmetric motions may be done on the basis of the numbers of modes 

since all 32 stretches predicted are visible. The boundary between the 16 highest and 16 lowest 

wavenumber bands occurs in the region 1020-1000 cm *. Paques-Ledent and Tarte, (1973) 

have demonstrated that the division between antisymmetric and symmetric stretches of SiO  ̂

in forsterite is gradational, with modes near the division having mixed character. In feldspars, 

because of more extensive coupling between modes, the zone of mixed character modes is 

expected to be wider than in orthosilicates.

Figure 6.6.1. The A,, Bj, and B,, spectra of danburite in the region 1300-825 cm \

(Spectra plotted to the same intensity scale).
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The highest frequency Raman mode observed in anorthite is at 1124 cm^ (Sharma et al. 

1983). If this band is the highest Si-O-Si stretching mode, then the 60 cm * extension of the 

highest danburite band would imply significant coupling of the silicon-oxygen stretching 

motion with boron, and hence this mode not a pure silicon-oxygen interaction as indicated by 

infrared substitution data (liishi et al. 1971). The three bands at 1018, 983 and 957 cm * 

correspond closely with the most intense bands in this region of the unpolarised anorthite 

spectrum which occur at 979 and 948 cm * (Sharma et al. 1983), and these bands are probably 

analogues of each other. The group extends to below 900 cm * to 875 cm * (Bj^) while in 

anorthite the lowest observed band is at 908 cm *. In the infrared spectra of danburite (Figure

4.5.2), a series of bands which lie between 800 and 900 cm * were assigned to Si(B)-0-Si(B) 

stretches and these low intensity Raman bands are assigned to these motions because they 

occur in the same wavenumber range.

Region 825-525 cm^.

Six very weak bands are observed between 783 and 680 cm *, and another group of weak 

bands occur between 645 and 556 cm *, but this region is dominated by a very strong band 

at 619 cm'*, which is the most intense band in the danburite spectra. A shoulder occurs on this 

band at approximately 635 cm *. Similar groups of bands are observed in the spectra of 

anorthite (Sharma et al. 1983) and albite (White 1975). The very intense band is observed in 

the Raman spectra of other framework and chain structures amongst silicate and 

aluminosilicate minerals and glasses where bridging T-O-T groups are present, such as coesite, 

and is a characteristic of the feldspar structure. It has been observed at various wavenumbers 

in other danburite spectra, appearing at 609 cm * (Narayanan 1952) and 614 cm * (Kimata 

1993). This intense band has been assigned to motion of the oxygen ion along a line bisecting 

the T-O-T angle (where T=Si or Al), (Galeener 1979), ie symmetrical T-O-T bending, and the 

less intense bands between 645 and 556 cm * are assigned to symmetric bending motions on 

the basis of their positions.
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Figure 6.6.2. The Â , B;,, B,, and B^ spectra of danburite in the region 825-525 cm *. 

(Spectra plotted to the same intensity scale).
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The position of the strong symmetric T-O-T bending band in the borosilicate feldspars is 

sensitive to the B:Si ratio. An unpolarised Raman spectrum of reedmergnerite collected in 

back-neflection geometry with a DILOR micro-Raman spectrometer is shown in Figure 6.6.3. 

Although the spectmm is relatively noisy, a significantly greater number of bands are visible 

than in Kimata’s spectrum. In reedmergnerite and KBSi^Og, the B:Si ratio is 1:3 and the peak 

is observed at 584 and 537 cm^ respectively, (Figure 6.6.3, Kimata 1993) with the lower
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wavenumber in KESi^O, probably partly due to the influence of the heavier K* cation 

compared with Na^ in reedmergnerite. In danburite, in which the B:Si ratio is 1:1, the band 

appears at 619 cm '\ with a change of B:Si from 1:3 to 1:1 causing a shift of 35 and 77 cm*̂  

with respect to reedmergnerite and KBSi^O, respectively. The magnitude of this shift must be 

masked to some extent by the effect of the heavier Ca^* cation in danburite. In contrast, a 

change in Al:Si in the aluminosilicate feldspars from 1:3 to 1:1 causes only a 3 cm^ shift to 

lower wavenumbers indicating that this band is relatively insensitive to the Al:Si ratio. The 

observation of a single intense symmetrical T-O-T bending mode in feldspar Raman spectra 

and the large difference between its position in borosilicate and aluminosilicate feldspars 

implies that there is strong coupling between the bending motions of the various T-O-T 

linkages in the framework and that this coupling is strong enough to prevent the occurrence 

of separate symmetric B-O-B and Si-O-Si bending motions.

In all published feldspar spectra, a moderately intense mode is closely associated with the 

intense symmetrical T-O-T bending band and is assigned to a symmetrical T-O-T bend 

because of its position. It occurs closer to the intense band and is relatively less intense in 

borosilicate feldspars than aluminosilicate feldspars, and is observed as a shoulder on the high 

wavenumber side in danburite and KBSijOg, separated by approximately 16 cm * in danburite. 

In anorthite, albite and orthoclase it forms a distinct band at lower wavenumbers, with a 

separation of 19 and 30cm * in anorthite and albite respectively, occurring at higher 

wavenumber in anorthite. Hence it moves to lower frequency and becomes more separated 

from the intense band with increasing Al:Si and alkali cation mass, and therefore is coupled 

more strongly to the tetrahedral motions than those of the alkali cations. In reedmergnerite 

(Figure 4.6.5), a parasitic band at 593 cm *, 9 cm * higher than the intense band at 584 cm'*, 

and in addition on the low wavenumber profile of the intense band, a narrow, moderately 

intense shoulder is visible. From the relationship between the two bands in albite and 

anorthite, it is thought that the parasitic band at 593 cm * in reedmergnerite is the equivalent 

of the shoulder at 635 cm * in danburite, as this would explain the higher frequency and 

greater separation from the intense band with higher B:Si.
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Figure 6.6.3. Unpolarised, back-reflection Raman spectrum of reedmergnerite.
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Region 525-390 cm^.

This narrow region is clearly separated from the bands to higher and lower wavenumber, and 

can also be distinguished in the infrared spectra. It is dominated by a moderately intense band 

at 489 cm '\ and contains six other weak bands of all polarisations. Compared with danburite, 

the group of bands immediately to lower wavenumbers of the symmetric T-O-T bending 

modes in reedmergnerite, (Figure 4.6.5, Kimata 1993) occurs at higher wavenumbers and is 

closer to the bending mode bands. This indicates that the alkali cation mass has a greater 

influence on the frequency of these bands than the B:Si ratio and hence the tetrahedral 

motions. However, 4(X)-500 cm’* is too high for these bands to be due only to alkali, (A) 

cation motion, as the A-0 modes are generally observed below 300 cm’*, and these modes are 

therefore interpreted as coupled tetrahedral -alkali motions. All T-O-T stretching and bending 

motions have been assigned to bands at higher wavenumbers and so tetrahedral motions below 

approximately 500 cm * must comprise other bending deformations, and at lower frequencies, 

torsion of whole tetrahedra with respect to one another in the framework. These bands in 

danburite are therefore assigned to coupled Ca-0 motion and tetrahedral bending. liishi et a i 

(1971) found that modes in a similar relative position between 540 and 460 cm * in albite were 

shifted approximately 10 cm * lower on substitution of Bâ * for Câ ,̂ and made a similar 

assignment for these bands.

Figure 6.6.4. The A,, B^, Bjg and Bĵ  spectra of danburite in the region 525-390 cm \

(Spectra plotted to the same intensity scale).
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Region 390-0 cm^.

This region contains a very closely-spaced group of bands which are dominated by three 

intense Ag bands at 357, 176 and 139 cm \  The band positions and relative intensities agree 

well with the unpolarised spectrum of Narayanan (1952) but those of Kimata (1993) differ 

markedly. In particular the intense band in Kimata’s spectrum at 260 cm'^ has no counterpart 

in the present polarised spectra, nor in the spectrum of Narayanan. Although the geometry 

used to collect the Raman spectrum of danburite was not reported in Kimata (1993), because 

the technique used was reported as micro-Raman, it is most likely that the experiment was a 

back reflection experiment and the strongest bands in the spectrum will therefore be \  bands. 

In general, the relative intensities of Kimata’s spectrum do not agree well with the present 

data. From the infrared assignments above and consideration of the substitution data of liishi 

et a i  (1971) the bands between 390 and 280 cm'^ are assigned to coupled tetrahedral 

deformation and torsion and Ca-0 motions. Those below 280 cm'^ correspond closely with the 

group in the infrared spectra assigned to Ca-0 motions from substitutional data (liishi et al, 

1971).

The band at 106 cm*‘ is identified as the lowest frequency danburite fundamental. In all four 

polarisations at approximately 60 cm * parasitic bands on the Rayleigh line profile occur and 

are interpreted as "grating ghosts" - experimental artifacts arising from interference caused by 

imperfections in the mechanically ruled diffraction grating in the Raman spectrometer. These 

features are not expected to be seen in spectra collected on an instrument with holographic 

gratings.
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Figure 6.6^. The A,, 8%, and spectra of danburite in the region 390-0 cm ‘.

(Spectra plotted to the same intensity scale).
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Table 6.6.1. Band Table and Assignments for Danburite Raman Data.

A. K «3. 1 2 3

1581
1558

1185 . 1171 1205
1160 . 1158

[115 1087 . 1107 1110
1037 . 1050 .

[018 1006 , 1013 .
983 k 983 , 971 970
957 k 960 , 949
925 k 908 933 , 926
917 k

885 , 880 y 899 884
865

783 786 . 771
778 ,

724 .
684 ,

635 d 7e/d 637 , 634 ,
619 d 627 633

592 „ 581 „ 609 614
572 l i h

556 . 562 . 564
489 480

472 469 462 457
450 444

434 437
416 421 422 418

404
376 371

357 f 344 , 339 , 348 342 351
321 I 315 , 313

305 f 303
288 f 296 289 289

255 1 268 , 269 260
246 242 243

236 , 227 229
220 f 214 , 212

201 , 204 , 209 207 204
193 , 193

176 183 186 188
162 , 167 164

150 , 153 150
139 135 , 141

126 , 126
106 ( 115 96

A,, B,j, B2, and Bj,: single crystal polarised Raman spectra - present study, 1: Narayanan (1952), 2: Nisi (1929,1932), 
3: Kimata (1993).
KEY: a antisymmetric T-O-T stretch; b symmetric T-O-T stretch; c antisymmetric T-O-T bend, d symmetric 
T-O-T bend, e O-T-O + Ca-O, f SiO^-dominated tetrahedral deformations + Ca-O, g Ca-O-dominated motions.
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Figure 6.6.6. The A, spectrum of danburite.

æ
c
CD

- P
C

»—I

20040060080010001200

W a v e n u m b e r / c m - 1

173



Figure 6.6.7. The 6,^ spectrum of danburite.
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Figure 6.6.8. The Bjg spectrum of danburite.
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Figure 6.6.9. The B,, spectrum of danburite.
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6.7. Thermodynamic Modelling

6.7.1. Introduction.

No experimental heat capacity of entropy data has been reported for danburite and therefore 

the Kieffer model, (Kieffer 1979a,b,c, 1980,1985) has been used to calculate these properties 

using the present spectroscopic data.

The model has been used previously to calculate thermodynamic properties for anorthite, albite 

and microcline (Kieffer, 1980) and the results obtained for albite and microcline agree with 

experimentally measured values for heat capacity and entropy to within 1% between 300 and 

lOOOK. However the model produced somewhat poorer results for anorthite, with calculated 

heat capacities between 3,4 and 5.4% lower than experimental values of heat capacity between 

300 and 1000 K. This indicates that the number of modes in lower frequency regions have 

been underestimated since a greater number of modes below 300 cm'^ would raise the value 

of Cp at 300 K. This would also raise the value of Cp at higher temperatures, but discrepancies 

between calculated and experimental heat capacity above 300 K may also arise from effects 

resulting from mode partitioning schemes at higher frequency.

The discrepancy between experimental and calculated values in anorthite arises from the lack 

of detailed spectroscopic data. The powder and KBr disk spectra of anorthite, (Moenke 1966; 

liishi et al. 1971, 1972; von Stengel 1977) display only about 20% of the predicted 312 

vibrationally active bands and it is therefore unlikely that accurate mode partitioning can be 

achieved. Albite and microcline have only half the number of predicted modes of anorthite, 

and therefore the available vibrational data, although of similar quality as that for anorthite, 

gives a correspondingly greater amount of information about mode positions. Some difference 

between experimental and model data is inevitable because different mineral specimens were 

used in the various studies of thermodynamic properties. Different specimens of a single i^ase 

are likely to have slightly different compositions and there may also be differences in the 

degree of ordering. This last point is especially relevant to the feldspars, which exhibit a wide 

array of structural modifications resulting from various physical and chemical conditions 

prevailing during and after their crystallisation. The resulting wide variation in chemical 

composition and structural properties such as ordering and twinning makes quantitative 

comparison of many spectroscopic feldspar datasets difficult because the these properties of
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the mineral samples used are often not well characterised, ie X-ray determination of ordering 

has not been reported. This type of variation will affect vibrational spectra, which are sensitive 

to the degree of ordering (eg Farmer 1974), and will probably cause differences between the 

values of and Sp calculated by the Kieffer model for samples with differing degrees of 

order. Some of the variation between heat capacity data obtained by experiment and modelling 

may also result from incomplete sample characterisation.

The Kieffer models of danburite are expected to give reliable values for the heat capacity and 

entropy of this mineral. In the danburite spectra 8 6 % of the predicted number of infrared- and 

Raman-active bands are observed, and with this high quality spectroscopic data, the 

partitioning of modes into the various elements of the model should be accurate. In addition, 

compressibility, (Hackwell and Angel, 1992) and thermal expansion (Sugiyama and Takeuchi, 

1983) have been measured for danburite, and will not have to be estimated as was necessary 

in the case of sinhalite, and will allow good predictions of Cp for danburite. However, acoustic 

velocities have not been measured and this will have an effect on the calculated heat capacities 

and entropies at low temperature.

6.72. Construction o f the Kieffer models.

As with the models for sinhalite, (Section 3.5) the placement of modes into Einstein oscillators 

and optic continua was done directly from the spectra. See Section 1.3.6 for an explanation 

of the use of vibrational data and the Kieffer model. The Kieffer model was run using the 

programme VIBES 2 (Ross 1991).

The coefficients used to describe thermal expansion have been calculated from the data of 

Sugiyama and Takeuchi (1983), (Figure 6.7.1, Table 6.7.1). No acoustic velocity data for 

danburite has been reported and therefore values obtained for anorthite were used (quoted in 

Kieffer 1980 but original reference not noted there). Because the bulk modulus of danburite, 

1136 kbar is higher than that of anorthite the acoustic velocities of danburite are

expected to be higher than those of anorthite. The use of anorthite acoustic velocities is 

expected to result in values of heat capacity at low temperatures (below lOOK), which are 

above the tme values. At temperatures greater than 300K, any inaccuracy in the acoustic 

velocity will have little effect on thermodynamic properties at these temperatures since the 

acoustic modes account for only 1.9% of the total modes.
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Figure 6.7.1. Calculation of the thermal expansion coefficients of danhurite 

(from the data of Sugiyama and Takéuchi 1983).
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= 20.130 * 10 + 0.0068 .10  - 0.0000 « 10

Table 6.7.1. Value of hulk modulus, acoustic velocities and thermal expansion coefficients 

used in the Kieffer models of danhurite.

Bulk modulus^ 1136.0 ± 2 9  kbar
Vc 6.67 kms'^
Vi 4.07 kms'^
V, 3.28 kms'^

Thermal expansion 20.130
coefficients^ (xlO^) 0.0068

0.0000

'Hackwell and Angel (1992). Calculated from thermal 
expansion data of Sugiyama and Takeuchi (1983).
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Dispersion of the lowest frequency optic mode was calculated according to Equation 4.1. For 

danburite, the vibrating unit with the greatest mass is the SiO^ tetrahedron, (92.08 units) and 

the lightest vibrating unit is the calcium ion (40.08 units). The lowest frequency mode 

observed in the polarised spectra occurs at 106 cm'  ̂ (Ag) and application of Equation 4.1, 

assuming sinusoidal dispersion of this mode, gives its position at k=k„^„ (the boundary of the 

BriUouin Zone), as 88.5 cm \  In case dispersion of the lowest frequency band is overestimated 

by assuming it to be sinusoidal, each model was run with and without dispersion. Models 

including dispersion of the band at 150 cm^ are identified with a subscript D in Tables 6.7.2, 

6.7.3 and Figures 6.7.3, 6.7.4.

The highest frequency modes have been enumerated according to the method described by 

Kieffer (1979b), which was used above to assign stretching and bending modes in the spectra. 

The formula unit of danburite CaBjSijOg contains 13 atoms and therefore has 3x13 = 39 

vibrational degrees of freedom. If the basic vibrating unit or "cluster" is defined as the B/SiO^ 

tetrahedron then this cluster, because of oxygen sharing in the framework structure, contains 

3 "whole" ions, ie (Si + ^/lO^ + + !60y,), where Oy, refers to bridging oxygen

ions. Such a cluster has 9 vibrational degrees of freedom, of which 3-1 = 2 are Si/B-0 

stretching vibrations, and thus there are two cation-oxygen stretches per tetrahedral cation. 

There are four molecules per unit cell in danburite, and therefore 16 tetrahedral cations (8 

boron and 8 silicon), which gives a total of 32 stretching motions. The proportion (q) of the 

total vibrational modes attributable to T -0 stretching is therefore 32/156 = 0.205. The modes 

involving tetrahedral stretching motions in danburite extend between 1230 and 850 cm ' 

(Sections 4.5 and 4.6) and inspection of Tables 4.5.1 and 4.6.1 shows that 33 modes are 

observed in this region, the additional mode is a Bi„ band at 888-845 cm ', which is assigned 

to bending motion, (Section 4.5). Therefore the stretching modes appear to have been correctly 

accounted for by the enumeration scheme described above.

The simplest model. Model 1 (Figure 6.7.2) represents the vibrational density of states with 

four optic continua. The first continuum, which ranges from 1230-825 cm ' contains the 32 

T-O-T antisymmetric and symmetric stretching modes plus the 888-845 cm ' Bi„ band assigned 

to an antisymmetric T-O-T bending mode. The lower boundary of this continuum is placed 

at 825 cm ' to account for the region in the Raman spectra between approximately 855 and 

805 cm ' which contains no bands, and represents the division between the symmetric stretches 

and antisymmetric bands of the T-O-T groups. The second and third continua, which are
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placed in the ranges 820-710 cm'^ and 706-535 cm*̂  respectively contain the antisymmetric 

and symmetric T-O-T bending modes respectively, which form relatively well-defined groups 

of bands in the spectra. Bands below 530 cm'^ are grouped into the final continuum, which 

contains the highest observed density of states.

In Model 2, the first optic continuum is replaced by three Einstein oscillators at 1145,996 and 

893 cm \  which represent identifiable groups of bands in the regions 1230-1070,1070-950 and 

950-850 cm \  The positions of these oscillators was calculated as the average position in 

wavenumbers of the bands (infrared LO, TO and Raman), which are represented by the 

oscillator, as described by Kieffer, (1979a).

Figure 6.7.2. Schematic representations of Kieffer Models 1 and 2 of danburite.
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TaUe 6.7.2. Input parameters for the Kieffer modds of danburite. 

(See Figure 6.7.2 for explanation of column headings).

Model >̂Ul ^1 Aoci 9oC2 \̂j3 Vl3 9oC3 ^  9o04

1 1230 825 0.212 820 710 0.071 706 535 0.179 530 106 0.519
Id 1230 825 0.212 820 710 0.071 706 535 0.179 530 88.5 0.519
2 825 710 0.071 706 535 0.179 530 106 0J19

825 710 0.071 706 535 0.179 530 88J 0.519

“Uhi ■'>B2 Qa ■Ubs 9h3

2 and 2d 1145.3 0.051 996.4 0.109 892.6 0.051

In order to make accurate assignments to the different Einstein oscillators and optic continua, 

it is necessary to include the effect of the 18 inactive A„ modes and also the 2 2  active modes 

not observed in the infrared and Raman spectra. This was done by assuming that these modes 

would have a approximately uniform distribution with respect to frequency in the regions of 

the spectra in which bands occur. The justification for this assumption is that the bands of any 

given polarisation in polarised spectra are spread approximately evenly throughout the regions 

in which vibrational bands are observed, (Figures 6.5.5 6.5.7 and 6 .6 .6  6.6.9). The region 

1230-850 cm'^ was not included since it is probable that all modes in this region are observed 

in the experimental spectra and thus an even distribution between 850 and 106 cm^ has been 

assumed. For example. Optic Continuum 4 (0C4) contains 58 observed bands in both models 

and covers a range of 424 cm '\ which is 57% of the region between 850 and 106 cm*̂  thought 

to contain all of the unobserved modes. Hence 0C4 is assumed to contain 57% of the 40 

unobserved modes which gives 23 modes to the nearest mode. The total modes estimated to 

be contained in 0C4 is therefore 71. Details of the various elements and mode partitioning 

used in the model are given in Figure 6.7.2.

6.7.3. Results and discussion.

The heat capacity (Cp and entropy (Sp) calculated using the two Kieffer models are given in 

Table 6.7.3 and shown in Figures 6.7.3 and 6.7.4. There is very close agreement (<0.3%) 

between the results of the two models for all geologically relevant temperatures. At lOOK the 

difference in Cp between models 1  ̂ and 2^ is 0.(X)3%, which increases with increasing

182



temperature to 0.27% at 400K and above this temperature decreases to a value 0.08% at 900K. 

The agreement at lower temperatures is not surprising since the two models differ only above 

820 cm '\ and the similarity in results at high temperature indicates that the mode partitioning 

schemes using three Einstein oscillators or a single optic continuum are virtually equivalent 

The relative increase in the discrepancy between models 1 and 2 that reaches a maximum at 

about 400K is not easy to explain since the models have identical partitioning schemes below 

820 cm \  The effect of dispersion is appreciable below 300K, with a difference of 6.4% 

between models 2 and 2q at lOOK, and much smaller differences of 0.6% and 0.04% at 300K 

and 900K respectively. A greater effect is expected from dispersion at low temperatures 

because the positions of the lowest frequency modes has a significant effect on the low 

temperature heat capacity. This emphasises the critical importance of accurate knowledge of 

the lowest frequency modes.

In using the Kieffer model to predict the heat capacity and entropy of danburite between 100 

and lOOOK, it is assumed that the partitioning scheme devised from the spectra collected at 

300K remains valid at temperatures up to lOOOK. This requires that mineral does not undergo 

any significant temperature-induced structural modifications such as phase changes or 

ordering/disordering and therefore that the distribution of vibrational modes remains essentially 

the same over this temperature range. The structure of danburite has been studied at 

temperatures between 25 and 910°C (Sugiyama and Takéuchi 1983) and from their results it 

in concluded that the mode partitioning carried out from the spectra collected at 300K will 

allow useful heat capacity and entropy data to be calculated by the Kieffer model at the 

temperatures between 100 and lOOOK. Between these temperatures the structure was found to 

expand smoothly (Figure 6.7.1) with no modification except thermal expansion. Because 

infrared data (liishi et al. show that the Si-0 force constants exert the dominant influence of 

the frequencies of vibrational modes in feldspars, the behaviour of the SiO^ tetrahedron with 

increasing temperature in danburite is expected to be important in determining the magnitude 

of frequency shift bands will undergo with increasing temperature. The average Si-0 bond 

length varies about its value at 300K by approximately -0.06% and +0.1%, actually contracting 

between approximately 25 and 4(X)°C, probably in response to the rapid expansion of the BO4 

tetrahedra in this temperature range. Because the Si-0 bonds lengths do not vary greatly 

between 25 and 910°C then the frequencies of modes in danburite are not expected to suffer 

shifts large enough to invalidate the mode partitioning in figures 6.7.2. Much of the thermal 

expansion is accounted for by a relatively large expansion of the BO4 tetrahedra, whose

183



volume increases by almost 1% between 25 and 910°C, because of a 0.3% increase in the 

average B-O bond length. This should cause a decrease in frequency in modes involving a 

significant degree of boron motion. The bond lengths of the BO4 and SiO^ tetrahedra remain 

close to values determined for the ordered structure at BOOK (Phillips et al. 1974; Sugiyama 

and Takéuchi 1983). This indicates that the structure remains ordered even up to 910°C as 

disordering would result in some degree of convergence between the T 1-0 and T2-0 bond 

lengths and this is not observed in danburite.

Figure 6.73. Heat edacity  (C^) of danburite calculated using the Kieffer model.
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Figure 6.74. Entropy (S^ of danburite calculated using the Kieffer model.
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Table 6.7.7. Calculated heat capacity and entropy for danburite.

Heat Capacity C  ̂ (Jmol ‘)

T(K) 100 200 300 400 500 600 700 800 900 1000

1 57.529 136.900 195.419 234.671 260.713 278.412 290.916 300.141 307250 312.965
60.949 138.939 196J39 235.355 261.169 278.736 291.157 300.327 307.398 313.085

2 57.258 136.793 195.855 235.318 261.361 278.967 291.355 300.469 307.483 313.119
60.947 139.011 196.975 236.002 261.817 279.291 291.596 300.655 307.631 313239

Entropy S, (Jmol 'K ')

T(K) 100 200 300 400 500 600 700 800 900 1000

1 30.723 95.855 163.263 225.381 280.918 330.342 374.526 414.330 450.488 483.602
34.773 101.942 169.979 232.352 288.015 337.509 381.736 421.568 457.747 490.874

2 30.723 95.859 163.363 225.642 281.326 330.860 375.121 414.976 451.168 484.302
2d 34.773 101.946 170.078 232.613 288.423 338.027 382.331 422.215 458.426 491.574

The effect of boron in the feldspar lattice in place of aluminium has been to lower the heat 

capacity and entropy at any given temperature, as was observed for sinhalite and forsterite.
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The results of the model for danburite and Kieffer’s results for anorthite, (Figure 6.7.3) 

indicate that the heat capacity of the danburite and anorthite differs more at low and high 

temperatures than at moderate temperatures of around 7(X)K. At low temperature, the maricedly 

lower Cp of danburite is explained by the observation of modes down to only 106 cm'* 

compared with those of aluminosilicate feldspars which extend down to around 80 cm'*, and 

can therefore contribute to the heat capacity from lower temperatures. The major break 

between the bending and stretching modes in aluminosilicate feldspars occurs in the region 

of 770-790 cm'*, whereas in danburite, it is somewhat smeared out, and purely from the 

moiphology of the spectrum, may probably be placed at approximately 700 cm *. The 

apparent convergence in Cp at temperatures around 700K may occur because although at 700 

cm * fewer modes in anorthite than danburite are contributing to the heat capacity, the lower 

frequency modes present in anorthite raise the heat capacity and compensate for the effect of 

fewer modes.

6.8. Discussion and Conclusions.

The danburite spectra presented here represent the first known comprehensive polarised 

spectroscopic study of a feldspar structure. 53 infrared and 63 Raman bands out of the 

predicted totals of 57 and 78 respectively have been observed, which is a major improvement 

over previous polarised studies of aluminosilicate feldspars (liishi et al. 1970; von Stengel 

1977). The occurrence of boron in place of aluminium in calcium end-member feldspar results 

in an increase of symmetry from triclinic to orthorhombic, and this allows the separation of 

modes into seven polarisations and the consequent observation of a far greater number of 

modes than in the aluminosilicate equivalent, anorthite. From consideration of the framework 

structure of the feldspars and available isomorphous substitution infrared data (liishi et al. 

1971) it is clear that the vibrational spectra of these minerals is complex and that there is a 

high degree of coupling between modes. The classification of mode types in framewoik 

structures is problematic because it is not possible to isolate quasimolecular units within the 

structure whose vibrations may be treated separately. Site Group Analysis (SGA), which is 

successful in enumerating modes associated with roughly "isolated" units in orthosilicates 

therefore cannot be used for feldspars. Line Group Analysis (LGA), a technique used in
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polymers to treat chain-like molecules within a stmcture, has been applied to danburite, (Best 

1993) but is also unsuccessful because the double crankshaft chains are too cross-linked to be 

approximated as isolated quasimolecular units. Because of the lack of a suitable symmetry 

analysis technique, and comparable polarised data for aluminosilicate feldspars, the 

inteipretation of the danburite spectra cannot be as detailed as that of the sinhalite spectra. Far 

more information will be available from these spectra when a polarised anorthite spectrum has 

been collected.

Despite the extensive coupling between vibrational modes that hampers a complete vibrational 

analysis of the spectra, the Raman spectra (Figure 6 .6 . 6 r9 ) display distinct groups of bands 

which are separated from each other by 50-60 cm \  This has allowed groups of modes such 

as the T-O-T stretching and bending modes to be identified since bands occurring in a discrete 

group in a spectrum usually arise from a specific type of motion. This arises because each type 

of motion has a specific set of force constants which are often significantly different from 

those of other motions. Within each group significant coupling is seen, for example, in the 

group between 1230 and 850 cm '\ where the division between the antisymmetric and 

symmetric T-O-T stretching modes in not obvious. The division can be positioned by 

consideration of the numbers of each type of stretching mode expected and the relationship 

between band intensity and the degree of symmetrical character of a Raman mode, (Section 

4.6). The infrared bands are very broad above 600 cm * and the divisions are far less obvious. 

Detailed investigation of the degree of coupling between and within groups of modes requires 

a polarised *®B-**B isotopic study. Borosilicate feldspars are more amenable to this technique 

than aluminosilicate feldspars because the *®B-**B shift is considerably greater than that of ̂ *Si- 

^Si, and should produce observable band shifts down to lower frequencies.

Comparison of the infrared spectra of danburite and anorthite show that the effect of boron 

in the lattice in significant. The large gap between the symmetric stretches and antisymmetric 

bends in aluminosilicate feldspars is reduced by the increase in frequency caused by the 

presence of boron. In addition, the two characteristic groups of bands at approximately 750 

and 600 cm * observed in the aluminosilicate feldspars becomes three narrower groups in 

danburite. Below 400 cm *, the spectra of danburite and the aluminosilicate feldspars resemble 

each other more closely.

There have been several previous attempts to understand the dynamics of feldspars. liishi et
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al, (1970) attempted to derive force constants for microcline to reproduce the polarised 

vibrational spectrum of potassium end-member feldspars, KAlSijOg, von Stengel (1977) used 

a least squares method in a similar investigation of sanidine, and Patel (1992) used atomistic 

simulations of the type used to model the vibrational behaviour of sinhalite in Chapter 5 to 

predict the structures of various plagioclase feldspars. The success of these investigations was 

variable, but in general lower than achieved for simpler minerals such as the olivines.

In the study of liishi et al. (1970) the calculated frequencies were made to coincide with the 

frequencies of 23 peaks observed in polarised reflectance spectra of sanidine by trial and error 

adjustment of 8 force constants, and these frequencies were approximated to be those of 

microcline. Because no interionic interactions involving potassium were included, modes 

below approximately 400 cm ' could not be modelled as feldspar modes in this region involve 

significant alkali cation displacement. The calculated mode positions were within 30 cm ' of 

the experimental data for 15 modes, but the remaining 8 calculated modes were between 30 

and 50 cm ' from the experimental values. Some of this relatively large error must arise from 

the exclusion of interactions involving potassium as these influence T-0 interactions even at 

high wavenumbers, (liishi et al. 1971). A major assumption in these calculations is that the 

vibrations of the 130 optical modes not detected in the spectrum of liishi et al. (1970) may 

be described by the force constants calculated to try and reproduce the 23 observed modes. 

In view of the large discrepancies between the calculated and observed frequencies, it is 

considered that this assumption is unjustifled.

Von Stengel (1977) applied a least squares method to the same problem and obtained better 

agreement with the experimental sanidine mode positions, but concluded that there were too 

many variables involved in determining force constants in sanidine to allow least squares or 

trial and error methods to be useful. Patel (1992) applied an atomistic simulation technique 

to various feldspars and was able to reproduce the structures of albite and sanidine. 

Simulations of anorthite were unsuccessful as they predicted a monoclinic structure with 

minimum energy. Attempts to simulate danburite using the B-0 potential BTHl (Takada and 

Hayward 1992) were unsuccessful as it was not possible to produce a free energy minimised 

structure. Although BTHl was fairly successful in the simulation of sinhalite (Chapter 5), the 

frameworic structure of danburite contains a more complex set of ionic interactions than the 

relatively simple sinhalite structure. It is probable that BTHl cannot reproduce all of these 

interactions, and thus the boron-oxygen potential was probably a significant contributor to the
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failure of the danburite simulation.

The highest wavenumber experimental microcline mode at 1140 cm^ was calculated by liishi 

et al. (1970) to occur at 1079 cm'^ and to involve almost pure Si-0 stretching motions 

between silicon and 0 ^ and 0 ^̂  ̂ parallel to the z axis, which is perpendicular to the double 

crankshaft chain axis in microcline and sanidine. However, the polarised danburite data show 

that the highest frequency mode occurs in the B,„ polarisation in which the incident radiation 

is polarised parallel to the chain axis. This is in agreement with the findings of von Stengel 

(1977) for sanidine, for which the highest wavenumber peak occurs in the spectrum with the 

incident radiation polarisation parallel to the x  axis, which is approximately parallel to the 

chains in sanidine. Calculations of ionic displacements for this mode indicate significant 

components of motion in all three axial directions (von Stengel 1977).

The modes in the 1230-1000 cm*̂  region of the danburite spectra are concluded to involve 

antisymmetric stretching motions involving T-O-T linkages. The modes in this region having 

the highest frequencies correspond to motions in which the strongest coupling between the 

incident radiation and the structure is with the T-O-T linkages Si-O^-Si and B-O5-O 

approximately parallel to the chain axis, ie in the Bj„ polarisation. The bands in the other two 

polarisations must therefore couple most strongly with T-O-T intra- and inter chain linkages 

approximately perpendicular to the chain axes.

The present spectra are the first in which the majority of bands have been observed for a 

feldspar and thus represent the first full vibrational characterisation of the feldspar structure. 

This data is a significant step towards the interpretation of the vibrational modes of the 

feldspars. The data provide a clear demonstration of the additional data available in a set of 

polarised spectra compared with the spectra of powdered samples in powder or KBr disk form. 

The existing studies of danburite using powdered samples (eg Kimata 1993) display at best 

only 42% of the number of bands observed in the present polarised spectra, (see Tables 6.5.1 

and 6.6.1). The high quality vibrational data of danburite collected in this study has allowed 

the heat capacity and entropy of danburite to be predicted with a very reasonable degree of 

confidence, and these are the only known thermodynamic data for this mineral.

189



Chapter 7. Conclusions and Suggestions for Further Work.

When sufficientiy versatile apparatus is available, vibrational spectroscopy is a powerful tool 

with which to characterise and investigate mineral structures from a dynamic perspective. As 

a probe of the forces and interactions between the ions in a structure it provides a link 

between the atomistic and macroscopic properties of minerals, because thermodynamic 

properties are dependent on the vibrational behaviour of the lattice.

The most informative infrared and Raman spectroscopic data for minerals are obtained from 

polarised single crystal experiments because by restricting the direction of oscillation of the 

incident electromagnetic radiation, the vibrational modes of a mineral are divided into 

subgroups determined by the relationship between the ionic displacements and the symmetry 

possessed by the mineral lattice. The resulting set of polarised infrared and Raman spectra 

allow more extensive identification and assignment of modes than is possible with spectra of 

powdered samples or unpolarised single crystal data, particularly in regions where bands are 

closely spaced. In some minerals with relatively simple structures, such as forsterite, it is 

possible to observe all of the infrared- and Raman-active modes in the polarised spectra, but 

in structurally more complex minerals such as the feldspars it has not been possible to observe 

all of the infrared and Raman modes predicted by FGA even in polarised spectra. However, 

polarised vibrational data still compares very favourably with that obtained from powdered 

samples, as for example in the case of danburite whose single crystal polarised spectra reveal 

8 6 % of the total number of predicted modes, compared with its KBr disk spectra which reveal 

only 30-40%. Single crystal investigations also avoid the problems of sample alteration such 

as dehydration or stmctural changes which occurs in some minerals during grinding or 

formation of KBr disks.

The preparation necessary for single crystal polarised reflectance work is more time-consuming 

than that required for powdered sample spectra since it requires sample orientation by X-ray 

diffraction and lengthy grinding and polishing of faces. The more arduous sample preparation 

is justified by the amount of data obtained from polarised spectra compared with that from 

other, more rapid techniques. For Raman work, the selection of samples relatively free from 

imperfections such as cracks and fluid and solid inclusions is important as these imperfections 

can cause depolarisation of the laser light within the sample and consequent mixing of
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polarisations in the spectra. This was found in the case of the danburite sample, which has a 

substantial number of internal cracks and inclusions. However, with care it is possible to 

obtain well polarised spectra by selecting a "clean" part of the sample through which to pass 

the incident laser beam, and the Raman spectra of danburite in Chapter 6  illustrate the high 

quality of spectra obtainable from both a relatively poor and also a relatively small sample.

At present relatively few polarised infrared and Raman studies of minerals exist, and appait 

from the olivines, major mineral groups have been little studied (the feldspars), or have not 

(to my knowledge) been studied at all (the pyroxenes and amphiboles). No polarised 

vibrational data for borates or borosilicates has been reported. It would be possible to learn 

a great deal about the dynamic nature of the lattices of important mineral groups by a 

systematic study of the polarised spectra of members of known composition and ordering, and 

the application of symmetry analysis such as SGA, where possible. Such data would represent 

a considerable advance on that obtained from studies of the KBr disk mineral spectra of during 

the 1960’s. To allow direct comparison between spectroscopic data collected from different 

specimens and the thermodynamic properties calculated from this data by the Kieffer model, 

minerals used in spectroscopic studies must be well characterised in terms of composition and 

order/disorder, and this information reported in the studies since the spectra are sensitive to 

the degree of ordering and, to a lesser extent the composition which therefore influences the 

values of the calculated thermodynamic properties.

The single crystal polarised infrared and Raman data of sinhalite and danburite presented in 

Chapters 4 and 6  respectively are the first extensive vibrational characterisations of any borate 

or borosilicate mineral. High quality spectra have been obtained in which the majority of the 

predicted numbers of infrared- and Raman-active bands have been observed and assignment 

of the majority of bands has been achieved. The data has been used to construct Kieffer 

models in order to predict the thermodynamic properties of these phases. The vibrational 

spectra of sinhalite and danburite are of interest because they are the borate analogues of the 

important silicate minerals forsterite and anorthite respectively, and their spectra extend our 

knowledge of the dynamics of the olivine and feldspar structures. The spectra of sinhalite are 

also of interest because sinhalite has the smallest unit cell volume of any olivine. At present, 

almost none of the borates or borosilicates have had their thermodynamic properties measured 

or calculated, which must be done if we are to understand the phase relations between them 

and the behaviour of boron in the various geological environments in which they occur. The
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calculation of the heat capacity and entropy of sinhalite and danburite therefore makes one of 

the first contributions to the borate and borosilicate thermodynamic database. Experimental 

heat capacity measurements for sinhalite are beyond the scope of this work, but could be 

carried out in several laboratories Woddwide as sinhalite gems weighing several grams are 

easily available. Because of the relatively large sample sizes available, drop calorimetry and 

adiabatic calorimetry would be suitable techniques. When data is available for more phases, 

significant advances in the understanding of boron in geology should be possible.

In the polarised sinhalite spectra, 31 infrared and 32 Raman bands out of the 35 and 36 

predicted are observed. The spectra of sinhalite have been compared with those of its silicate 

analogue forsterite. Significant differences exist between the spectra of these two olivines as 

a result of the low ionic radii of boron and aluminium, which result in greater distortion of 

the olivine structure, and the differing masses and charges of boron and aluminium compared 

with silicon and magnesium. The relatively low mass of boron leads to the separation of the 

tetrahedral and modes in sinhalite, which is unique amongst olivine spectra. Modes 

assigned to motions of the MgO« octahedron have similar frequencies in both sinhalite and 

forsterite because the polyhedral group is similar in both minerals. Unlike forsterite, the 

density of states in sinhalite is predicted by the simulation to be more continuous below 700 

cm '\ with a far smaller gap between the tetrahedral stretching and bending modes, in which 

motions related to the AlOg ocathedron occur.

Atomistic simulations of sinhalite, which are the first known lattice dynamic simulation of any 

boron mineral, have allowed deeper insights into the vibrational nature of sinhalite. The 

simulations allow more comprehensive mode assignment where isotopic shift data is 

inconclusive and indicate the frequency of inactive modes or bands too weak to be visible in 

the spectra. The boron-oxygen potential BTHl used in the simulation requires further 

development, and research directed towards this aim is currently under way, (Takada 1993). 

These simulations have reproduced the frequency distribution of the experimental spectra, and 

provide a more realistic prediction of the density of states than that used in the Kieffer models. 

The heat capacity (Q ) predicted by the atomistic simulation and the Kieffer modes (Model 

3d) are very similar. The values of Cp however diverge strongly at temperatures above 400K, 

which is related to the use of forsterite elastic data in the Kieffer models of sinhalite in the 

absence of measured vaules for sinhalite. The values of Cp calculated by PARAPOCS are 

likey to be more reliable. The general shift of modes to higher frequencies in sinhalite relative
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Although significant disordering of aluminium on the M l and M2 stes is an apparently 

attractive explanation for the occurrence of Raman-active bands in the 750-700 cm^ region, 

it is not considered to be correct in the light of the X-ray and vibrational data. The structural 

determination (Chapter 3) gives an excellent refinement when M l-M2 ordering is assumed to 

be present, and the M l-0  and M 2-0 bond lengths are clearly separate and distinct with 

average lengths of 1.903 A and 2.092 A respectively. This difference is large and is certainly 

significant. If disirdering does occur in sinhalite so any great extent, then a greater similarity 

in M l-0  and M 2-0 bond lengths would be expected. The relatively narrow bands observed 

in the vibrational spectra in the region below approximately 550 cm^ also argue for an ordered 

phase, as bands due to octahedral cation motions would be expected to be broader if the 

mineral was disordered. The high intensity of the Raman bands in the 750-700 cm'^ region 

indicated that the motions involved are not caused by a minor effect, or if they are that the 

motions responsible may be associated with an exceptionally large polarisability change.

The presence or absence of ordering could be investigated more conclusively be the use of 

neutron diffraction which would avoid the problem of distinguishing between aluminium and 

magnesium encountered in X-ray investigations, since these two elements have very different 

neutron scattering cross-sections but extremely similar X-ray scattering cross-sections. Order- 

disorder could also be tested for by ^^Al NMR. In addition, heating sinhalite to high 

temperatures may be sufficient to cause (or increase) disordering to a level which can be 

detected conclusively.



to forsterite, which arises from the presence of boron in place of silicon, results in a lower

heat capacity for sinmalite than for forsterite, and this relationship may be expected as a
or p

consequence of the entry of significant boron into any normally silicate of alumiijsilicate 

phase. The simulations have provided confirmation of the coupling between \>3 and \)i modes 

and between x>i and AlO^ modes indicated by comparison of sinhalite and forsterite spectra. 

With the development of inproved potentials, more realistic simulations will allow better 

understanding of the lattice dynamics of boron minerals, the calculation of thermodynamic 

properties and the more complete assignment of vibrational modes.

The chemical analyses of sinhalite presented in Chapter 3 show that the mineral contains more

aluminium than is necessary to completely fill the M l site. A detailed crystal chemical
£

investigation of the variation in composition of four sinhalite samples revealed the existmce 

of two substitution mechanisms involving the octahedral cations. The most important 

substitution is 3Mg # 2A1 + □  and the second mechanism Mg + Fe^  ̂ # A1 + Fe^  ̂has only 

0-20% of the importance of the first. The entry of aluminium into the M2 site is minor (0.02- 

0.05 atoms per MgAlBO^ formula unit in the four specimens analysed in this study), and not 

enough to cause the relatively intense Raman bands between observed 750 and 700 cm \  

which appear to contradict the FGA predictions of mode activity for the space group Pbnm, 

which predict no aluminium displacement during any Raman-active mode. These bands are 

considered to represent motions involving deformation of the Al-O bonds because of their 

frequency relative to the infrared bands assigned to Al-O motions from isotopic data (Tarte 

et al. 1985). To explain the presence of these bands, it is suggested that such Al-O 

deformation could occur without displacement of the aluminium ions by rotational 

displacements of the BO4 tetrahedra.

An X-ray structure determination of sinhalite has been carried out in Chapter 3 to investigate 

the possibility that the Raman bands in the 750-700 cm'^ region arise because sinhalite has an 

alternative space group. The X-ray determination agrees with the published structure of Fang 

and Newnham (1965) in which aluminium is located on the centre of symmetry. Atomistic 

simulations of the ideal structure and composition of sinhalite based on space group Pbnm 

described in Chapter 5 show that no aluminium displacement occurs during Raman modes. 

However, the nature of the motions represented by these peaks is not obvious from 

consideration of the spectra or from ionic displacements calculated by atomistic simulations. 

The only other space group possible for sinhalite is Pbnlj, and this is discounted because the
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FGA predictions for sinhalite in this space group do not bear any relation to the numbers of 

modes observed in the polarised spectra.

The presence of Fe^ is suggested by vector representation of the reactions and in order to test 

for the presence of trivalent iron, spectra in the visible and near infrared regions were collected 

from the three gemstone samples, but no bands due to Fe^ were visible. This does not 

necessarily indicate that the sinhalite samples do not contain Fe^  ̂ since the electronic 

transitions of Fe^ are weak because they are spin-forbidden and peaks caused by these 

transitions are usually of very low intensity and may not be strong enough to be observed in 

the present spctra. As a test it would be useful to analyse a brown sinhalite specimen, (brown 

is a characteristic colour of sinhalite and if Fe^* is the cause of the yellow colour of two of 

the present specimens, brown may indicate a higher Fe^  ̂content), to determine firstly whether 

the gradient of the Mg against A1 plot has a gradient closer to 1.0, which would imply a more 

significant contribution from the Mg + Fe^ # A1 + Fe^ .̂ Secondly, if the brown colour of 

some sinhalites is caused by relatively high levels of Fe^ ,̂ then bands due to it may be intense 

enough to be visible in electronic spectra. Alternatively, the Fe^ :̂Fe^* ratio may be determined 

by MOssbauer spectroscopy.

In Chapter 4, in contrast to the study of sinhalite, an orthoborate, a detailed infrared and 

Raman polarised study of a framework borosilicate, danburite CaBjSiiOg, the nonisostmctural 

boron analogue of anorthite CaAljSijOg has been carried out. This study is the first full 

characterisation of a feldspar structure and represents a great improvement over previous 

polarised feldspar studies (liishi et al. 1970; von Stengel 1977), as 8 6 % of predicted infrared 

and Raman bands are observed in the spectra. Site Group Analysis (SGA), which was 

successful for the enumeration of modes in sinhalite, cannot be used for danburite because 

quasimolecular clusters of ions cannot be identified in the frameworic structure of the feldspars. 

Assignments have been made from consideration of the numbers of various types of mode 

expected and the numbers of bands observed in groups in the spectra, and comparison with 

polarised data for aluminsilicate feldspars. This has allowed the identification of all of the 

antisymmetric and symmetric stretching bands. The Si-0 interactions dominate the vibrational 

behaviour of the lattice in the same way that they do in aluminosilicate feldspars, as indicated 

by the similar fi-equencies of the antisymmetric T-O-T stretching modes in danburite and 

anorthite. Detailed consideration of the polarised spectra reveal extensive coupling between 

the various ionic motions, as expected in a three-dimensional frameworic structure. The
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presence of boron has caused a lowering of the heat capacity because of the increase in 

frequency of many vibrational modes, as occurred in sinhalite. Because the bulk modulus and 

thermal expansivity of danburite have been determined experimentally, the values of Cp 

calculated using the Kieffer models is likely to be reliable.

The use of polarised vibrational spectroscopy to investigate details of the dynamic behaviour 

of complex minerals with low symmetry becomes less valuable because the spectra of these 

minerals are often very complex, containing large numbers of modes and displaying strong 

mode mixing, and thus present severe interpretational difficulties. In such structures, the 

application of mode enumeration and assignment by symmetry-based techniques such as SGA 

is not possible because quasimolecular groups cannot usually be identified within the lattice 

because of the presence of chain, sheet or framework structural elements.

However if the majority of the modes are observed in the spectra, (which is only possible with 

polarised single crystal studies), it will be possible to use the Kieffer model to calculate the 

thermodynamic properties of such complex phases. This is relevent to some of the 

borosilicates mentioned in this study, which have complex structures and chemistries, for 

example tourmaline Na(Mgfe,Mn,Li,Al)3Alg(Si6 0 ig)(B0 3 )3(0 H f )4 or grandidierite 

(Fe^\Ti,Mg)2(Fe^^,Al)gSiB0,. Such complex minerals are beyond the present capabilities of 

atomistic simulations because of a lack of suitable and/or reliable interatomic potentials, and 

limitations imposed on the size of calculations by computer capabilities. These two limitations 

apply particularly to boron minerals, many of which are complex, and for which the 

development of boron-oxygen interatomic potentials is at an early stage. However we have 

seen great advances in the complexity of problems which have been successfully tackled by 

atomistic simulations in the last decade, and further advances should enable the lattice 

dynamics of ever more complex phases to be investigated in the future.

Boron is still a somewhat enigmatic element in geology, being rare, highly mobile and 

relatively difficult to detect. It commonly occurs in tetrahedral and trigonal coordination and 

can have both coordination states in a single mineral phase. In the near future, with the 

increasing availability of the latest electron microprobe detectors which can detect elements 

as light as beryllium and lithium, there should be a great increase in the quantity of data on 

the boron contents of rocks and microanalyses of boron in individual mineral grains, which 

will give detailed information about substitutions and chemical variation in borates.
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borosilicates and the substitution of boron into silicate and aluminosilicate minerals such as 

sillimanite and the feldspars. Boron has two stable isotopes, and "B, and because they are 

both relatively abundant (abundance ratio 4:1) and have a relatively large mass difference, 

there is considerable potential for the use of boron isotopes to determine the origins of boron 

in fluids or minerals, and to trace boron isotope fractionation in geochemical processes. The 

mass difference is very useful in vibrational spectroscopy since it produces a relatively large 

isotopic frequency shift of modes in ^®B-substituted phases. In practical terms, the boron 

isotopes are amongst the easiest (and cheapest) to obtain for synthesis of isotopically 

substituted materials because of the extensive separation of ‘°B and "B by the nuclear 

industry.

The combination of single crystal polarised vibrational spectroscopy, crystal chemical analysis 

and atomistic simulaion is a powerful one with which to investigate the lattice dynamics and 

thermodynamic properties of boron minerals. As more of this data becomes available in the 

future, it will be possible to gain a better understanding of the role and behaviour of boron in 

geological environments.
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Appendix 3.1. Observed and Calculated Structure Factors for Sinhalite.

Conversion between Pnma and Pbnm.

r
Xi y> Zi

hi ki li

a t b. Cl r

Xi y: z%

h: k% h

2ü bz C:

\ i h% az 0 0 1 X i hi a i 0 1 0

y* ki bz I 0 0 y> ki bi 0 0 I

Z2 Iz Cz 0 I 0 Zi li Cl 1 0 0

Pnma (1) Pbnm (2)

a, =98819........................................................................... b2 = 9.8819
b,= 5.6813 €2 = 5.6813
c, = 4.3220 Ü2 4.3320
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S I N H A L I T B  S A M P L E  C C R Y S T A L  XI  -  H U A L .  M 2 : M G 0 . 9 1 F E 0 . 0 1 5 A L 0 . 0 6 F A C T O R  : 1 , 0 0

H DBS CALC H DBS CALC H OBS CALC H OBS CALC H OBS CALC H OBS CALC H OBS CALC

H 0 0 N 6 0 H 2 1 U 6 1 H 2 2 H 6 2 H 2 3

0 0 991 4 37 37 8 63 64 5 92 93 0 12 13 0 53 53 1 120 123
2 119 118 6 152 154 9 160 158 6 17 18 1 17 17 1 18 18 2 157 160
4 494 59 8 90 89 10 34 33 7 34 1 2 266 271 2 152 153 3 41 41
6 29 32 10 42 43 11 32 31 8 64 7 3 24 1 3 54 6 4 41 42
8 80 80 12 68 68 9 97 98 4 95 96 4 26 25 5 147 147

12 85 84 H 7 0 13 96 98 10 23 23 5 37 37 5 15 15 6 10 11
14 138 137 14 44 0 6 38 36 6 53 53 7 37 37

2 45 45 H 7 1 7 20 20 7 12 12 8 34 2
H 1 0 4 70 70 H 3 1 8 6 7 8 5 5 9 109 109

6 30 30 0 45 45 9 22 23 9 12 12 10 28 26
2 69 69 8 38 38 0 81 79 1 47 47 10 89 89 11 44 5
4 79 81 1 102 102 2 31 30 11 44 4 H 7 2 12 63 64
6 158 152 H 8 0 2 57 56 3 61 60 12 67 68
8 36 36 3 119 119 4 46 45 13 7 7 1 34 2 H 3 3

10 103 102 0 137 137 4 73 73 5 21 21 2 33 31
12 64 63 2 52 51 5 48 48 6 31 30 H 3 2 3 9 9 0 52 52
14 26 26 4 76 78 6 31 32 7 7 8 4 10 10 1 75 75

7 21 20 8 25 26 1 34 1 5 17 17 2 9 9
H 2 0 H 0 1 8 33 33 2 31 30 6 44 45 3 62 58

9 30 29 H 8 1 3 14 15 7 9 9 4 85 86
0 60 59 1 83 84 10 8 8 4 36 35 5 67 67
2 834 93 2 70 69 11 16 15 1 32 33 5 26 27 H 8 2 7 29 29
4 374 33 3 202 197 12 31 30 2 38 38 6 67 68 8 12 12
6 294 289 4 209 200 13 32 33 3 68 68 7 64 6 0 65 66 9 11 10
8 160 160 5 66 67 4 26 26 8 124 125 1 12 12 10 13 12

10 21 22 6 121 118 H 4 1 5 30 30 9 24 1 2 17 18 11 10 11
12 63 62 7 1964 192 10 45 43 3 54 6 12 53 55
14 31 32 8 77 75 1 67 69 H 0 2 11 28 28

9 7 8 2 5 4 12 44 2 H 0 3 H 4 3
H 3 0 10 43 44 3 145 147 0 494 36 13 54 4

11 115 115 4 96 98 1 62 61 1 112 114 1 83 82
2 81 80 12 23 24 5 51 52 2 35 31 H 4 2 2 14 14 2 40 40
4 121 122 13 24 0 6 54 56 3 17 16 3 118 119 3 100 99
6 78 78 14 38 40 7 152 152 4 267 264 0 67 64 4 129 131 4 81 81
8 29 30 8 29 28 5 6 5 1 32 34 5 26 26 5 24 22

10 93 93 H 1 1 9 8 7 6 39 40 2 18 19 6 92 93 6 56 56
12 97 97 10 33 33 7 11 13 3 7 9 7 158 156 7 116 116
14 64 7 0 64 63 11 88 88 8 134 133 4 176 180 8 107 106 8 68 67

1 108 109 12 34 2 9 24 3 5 11 11 9 9 8 9 9 10
U 4 0 2 32 33 13 44 1 10 154 154 6 53 54 10 37 36 10 31 31

3 149 149 11 9 8 7 11 12 11 102 102 11 83 85
0 3014 321 4 4 5 fl 5 1 12 23 25 8 110 111 13 28 29
2 72 74 5 66 67 13 34 2 9 7 7 H 5 3
4 104 104 6 38 38 0 75 75 14 19 20 10 106 106 H 1 3
6 24 0 7 26 27 1 64 63 11 54 4 0 52 51
8 54 53 8 14 14 2 24 0 H 1 2 12 23 24 0 25 25 1 75 76

10 36 35 9 27 27 3 91 91 1 105 107 2 33 32
12 65 65 10 47 48 4 43 44 1 14 14 H 5 2 2 32 32 3 36 35

11 21 21 5 43 44 2 73 71 3 61 61 4 24 1
H 5 0 12 22 22 6 50 50 3 24 0 1 17 17 4 44 44 5 30 29

13 35 35 7 15 16 4 96 95 2 79 ■9 5 60 60 6 59 57
2 70 70 14 44 2 8 34 4 5 31 31 3 54 i 6 40 41 7 18
4 24 24 9 18 17 6 31 31 4 83 81 7 30 30 8 15 16
6 115 117 H 2 1 10 67 67 7 9 8 5 21 22 8 6 6 9 74 7
8 56 55 11 17 17 8 88 89 6 44 3 9 4» 1 10 70

10 70 70 1 161 166 9 6 6 7 10 10 10 57 57
12 17 18 2 201 200 H 6 1 10 53 52 8 26 11 34 3 H 6 3

3 77 79 11 25 25 9 5» 12 48 49
B 6 0 4 51 50 1 102 100 12 41 42 10 37 38 13 21 21 1 67 6'

5 160 162 2 40 40 13 24 3 11 15 16 2 64 62
(1 69 65 6 13 13 3 44 43 14 61 63 3 36 ■6
2 89 89 7 8 6 4 44 44 4 49 <8
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S I N HALITE SANPLB C CRYSTAL X! - H h A L ,  H 2 - NGP.9]EB0.015AL0,0S FA C T O R  : I, Of
H OBS CALC H OBS CALC H OBS CALC fl OBS CALC H OBS CALC U OBS CALC

H 6 3 H 1 4 H 4 4 H 0 5 fl 3 5 11 2 6

5 91 91 7 6 6 0 185 185 6 34 33 5 12 13 0 41 39
6 27 26 8 43 43 1 22 21 7 62 61 6 4 3 1 3» 1
7 19 17 9 17 17 2 38 37 8 24 22 7 21 22 2 122 121
8 28 29 10 46 46 3 4* 5 9 21 20 8 20 21 3 33 33

11 28 30 4 81 81 4 32 31
H 7 3 5 29 28 fl 1 5 fl 4 5

H 2 4 6 29 28 K 3 6
0 47 47 7 23 21 0 10 10 1 54 53
1 35 35 0 19 18 8 39 39 1 52 51 2 2» 2 1 27 27
2 4» 2 1 53 53 9 21 21 2 28 29 3 83 82 2 6 6
3 31 31 2 93 92 3 39 39 4 61 61 3 18 19

63 62 3 3* 3 H 5 4 4 16 16 5 13 12
5 40 42 4 14 14 5 35 34 6 20 20

5 3» 1 1 9 9 6 27 26
H 0 4 6 159 157 2 21 20 7 29 29 fl 5 5

7 20 20 3 26 26 8 11 11
0 253 258 8 97 96 4 9 8 9 9 9 1 26 25
1 16 18 9 3* 4 5 27 27 2 12 12
2 38 38 10 32 33 6 72 72 fl 2 5 3 31 32
3 14 12 11 12 11 7 15 16 4 32 33
4 84 83 8 52 55 1 47 46
5 45 45 U 3 4 2 66 64 11 0 6
6 53 53 H 6 4 3 59 57
7 28 27 1 27 28 4 33 33 1 38 37
8 58 58 2 61 61 0 17 17 5 101 100 2 9 8
9 32 30 3 2» 2 1 24 25 6 17 18 3 19 19

10 8 8 4 42 41 2 63 64 7 10 9 4 118 117
11 12 12 5 36 36 3 3* 1 8 42 42 5 7* 7

6 41 40 4 14 14 9 84 86 6 42 44
B 1 4 7 8 8 5 11 11

8 3* 1 fl 3 5 fl 1 6
1 19 19 9 23 24 fl 0 5
2 15 14 10 41 43 0 47 46 1 16 16
3 19 20 1 61 60 1 60 60 2 39 38
4 17 17 2 18 19 2 38 38 3 3* 3
5 38 38 3 111 111 3 28 28 4 15 15
6 75 76 4 86 84 4 19 18 5 4* 4

2 0 9



Appendix 3.2. EDS Electron Microprobe Analyses of Sinhalite Samples, 
(wt.% oxides).

Green Sinhalite.

Bl 32 33 34 35 36 37 38

AljO, 42.05 42.01 42.11 41.84 42.80 41.61 42.09 42.37
MgO 28.02 27.14 29.61 28.77 28.68 28.62 29.02 29.33
FeO 2.55 2.23 2.48 2.24 2.37 2.51 2.59 2.46
Partial
total 72.62 71.38 74.20 72.85 73.85 72.74 73.70 74.16

39 310 311 313 314 315

A1,0, 41.63 42.77 41.86 41.69 42.43 41.92
MgO 27.72 29.10 28.24 28.80 28.98 27.71
FeO 2.39 2.08 2.81 2.46 2.73 2.47
Partial
total 71.74 73.95 72.91 72.95 74.14 72.10

Pale Yellow Sinhalite.

Al A2 A3 A4 A5 A6 A7 A8

AljO, 41.48 42.29 42.37 42.65 42.48 42.63 42.58 41.86
MgO 28.15 29.59 27.27 29.78 29.63 27.94 28.62 28.75
FeO 1 . 2 2 1.47 1.30 1.35 1.34 1 . 2 2 1.13 1.25
Partial
total 70.85 73.35 70.94 73.78 73.45 71.79 72.33 71.86

A9 AlO A ll A12 A13

AljOs 41.37 42.86 41.03 42.05
MgO 28.24 27.64 28.80 28.14
FeO 1.36 1.17 1.27 1 . 2 0

Partial
total 70.97 71.67 71.10 71.39
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Colourless Sinhalite.

Cl C2 C3 C4 C5 C6 C7 C8

A1 2 0 , 41.46 42.35 41.84 42.28 42.22 43.28 43.41 42.65
MgO 30.08 29.99 28.24 28.09 28.53 29.40 29.15 28.77
FeO 0.81 0.94 0.99 0.89 0.89 0.71 0.84 0.73
Partial
total 72.35 73.28 71.07 7126 71.64 73.39 73.40 72.15

C9 CIO

AI2O3 42.39 43.56
MgO 28.22 29.33
FeO 0.85 1 . 0 2

Partial
total 71.46 73.91

Yellow Sinhalite, (Natural History Museum Sample 1952,36).

D1 D2 D3 D4 D5 D6 D7 08

AljOj 41.69 42.41 41.77 42.16 42.01 41.44 41.35 42.37
MgO 29.66 29.00 29.43 29.50 29.40 28.34 28.82 29.15
FeO 2.15 2.71 1.95 2.25 2.31 1.83 121 2 . 1 1

Partial
total 73.50 74.12 73.15 73.91 73.72 71.61 72.44 73.63

D9 DIO

AljOj 41.92 42.22
MgO 30.23 28.82
FeO 2 . 2 1 2.08 '
Partial
total 74.36 73.12

‘Only elements detected above 2a included in Appendix. The following elements were analysed for and always had 
totals below 2o: CijOj , MnO, NiO, CaO and Na%0.
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Appendix 6.1. EDS analyses of danburite sample, (Wt.% oxide)

DANl DAN2 DAN3 DAN4 DAN5 DAN6 DAN8 DAN9

SiOj
CijO,
CaO

48.817
0.054

23.703

49.053
0.194

23.810

49.112
0.189

23.525

48J99
0.071

23.584

48.864
0.078

23.572

48.465
0.078

23.556

49.011
0.062

24.004

49.234
0.068

23.684

Partial total 72.579 73.057 72.826 72.254 72.514 72.099 73.077 72.986

DANIO DANll DAN12 DAN13 DAN14 DAN15 DAN16 DAN 17

SiOj
CiO
CaO

48.496
0.124

23.682

48.948
0.016

23.901

48.966
0.185

23.843

48.834
0.105

23.765

49.402
0.052

23.734

49.084
0.118

23.660

48.628
0.030

23.633

49.593
0.133

23.749

Partial total 72.302 73.865 732.994 732.704 73.188 72.862 72.291 73.475

*Only elements detected above 2o included in Appendix. The following elements were analysed for and always had 
totals below 2o; CriO, , MnO, NiO, CaO and Na%0, PbO, ZnO.
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