University College London

The Vibrational Spectroscopy

of Borate Minerals

C L Hayward

Thesis submitted for the degree of PhD
Department of Geological Sciences
April 1993



ProQuest Number: 10106879

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Pro(Quest.
/ \

ProQuest 10106879
Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



Abstract.

This thesis is concerned with a study of the vibrational spectroscopy of two boron minerals,
sinhalite (MgAIBO,) and danburite (CaB,Si,0,), which are the analogues of the geologically
important phases forsterite (Mg,SiO,) and anorthite (CaAl,Si,O,) 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 metamorphic 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 = 9.88194)A, b = 5.6813(3)A, ¢ = 4.3320(3)A with V = 243.21(3)A>. 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 = 2Al + O

which is the dominant mechanism, and Mg + Fe** = Al + Fe?*.

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 C, and S, have been calculated, but
because no experimental thermal expansion or bulk modulus data exist for sinhalite, the values
of C, and S, 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 BTH1. The results permit further assignments of experimentally observed
infrared 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 (C,) 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
10° Si atoms, compared with, for example 7.4.1x10‘1 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-burning process by o-ot impacts, but is very unstable, with
a short half-life of 2.6x10% and is thought to undergo collisions with one extra a. particle to
produce >C 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 **C and '%0 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 O* or also OH and less commonly with H,0 in more
hydrous minerals. There is a relatively large difference in the B-O 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, AP*™ 053 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, B 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 alurhinosilicate 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 MgAIBO, forsterite Mg,SiO,
danburite CaB,Si,04 anorthite CaALSi,0,
reedmergnerite NaBSi,;04 albite NaAlSi,Oq
nordenskioldine | CaSn(BO), dolomite CaMg(CO,),

Substitutions’ (cation substituted by trace boron in boldface)

sillimanite ALSiO;

Phlogopite K,(Mg.Fe)(SicAl,0,0)(OH,F),
Muscovite K,Al(SigALO,0)(OH,F),
Plagioclase NaAlSi,04-CaAl,Si, 04

“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, Califomia USA (Erd et al. 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 "'B/"°B for a
series of hydrous sedimentary minerals with the same geological origin (Oi et al. 1989)
showed that higher "'B/"*B values occur in minerals which have higher BO,/BO, 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 wt.% B,0, to a haplogranite melt (K,0-Na,0-AL,0,-Si0,) 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 B,0, a.lsb 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.% B,0,,
(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 Hamney Peak granite in South Dakota, (Rockhold et al. 1987). This Proterozoic
intrusion contains prominent textural and mineralogical layering which comprises altemating
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 B,0,,
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+Qz+Musc increased Fe
and Mg activity in the melt sufficiently to crystallise tourmaline. 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 (Chetepanov 1967), (Table
1.3.1). Some of these kimberlite samples contained datoliteland danburite and have boron

contents reaching 930 ppm. \CaB(OH)SiO,

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 20 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 !'B/'°B ratio increases from
3.85-4.06 in glasses to 3.97-4.10 in altered lavas and there is a correlation between increasing
B/°B 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 ez 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 eruption products contained on average only 8 ppm boron, (Truscott et al. 1984).

Table 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
Peridotite (partially serpentinised) 28 5
Serpentinite 51 5
Picritic basalt 20 1
Polyphyric basalt 10 1
MORRB (fresh glass) 0.5 2
(partially serpentinised) 5-30 2
Basalt (33 samples) 1.5 1
Gabbro (11 samples) 3 1
Andesite 9.1
Granite 3 3
Rhyolite 33
Nepheline syenite 3 3

1: Cherepanov (1967), 2: Jonasson et al.(1989), 3: Middlemost (1985), 4: Truscott et al 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 skamn environments and in high
grade environments such as middle-upper amphibolite and granulite facies terrains under
conditions of high temperature and low py,o, occurring in chemically and structurally complex
borosilicate minerals or substitutionally in sillimanite. It is noticed that boron only enters the
siMmmgtmcmmwhen 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 B,0, to crystallise in less acidic fluids, and is unstable in alkaline fluids (pH
>6.5) at any concentration of B,0,, (Morgan and London 1989). At 600°C with 0.5-1.0 wt.%
B,0, 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).



1.5. 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
skarn 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,
szdjbelyite. 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 skamns in association with datolite (Malinko et al.
1984), in kimberlites associated with datolite (Cherepanov 1967), and in xenoliths in andesite
as a late-stage, cavity-filling phase, again associated with datolite (Cemy 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 from triclinic to
orthorhombic. 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 BO, units and
danburite is a three-dimensional BO,-SiO, framework, and the vibrational characteristics of
the BO, 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 BO, and BO, 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



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 20 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 govemned 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.

2.2.1 A brief history of 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 finely 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 structural 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), gamet (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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olivines (Paques-Ledent and Tarte 1973; Tarte et al. 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(Fe,Mn)Ca,Al,BSi,0,,) 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 o- and B-quartz, eg Ghose (1985). When o-
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 B-quartz. Vibrational spectroscopy is also sensitive to the
degree of ordering in minerals, and systematic studies of series of feldspars (eg alkali
feldspars, Hafner 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 concemned 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, 1979¢, 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 O-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 absorption 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, MgSiO; comes only from tiny grains in diamond
anvil cells because this phase is metastable under ambient pressures. In sifu, 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 (Na,B,0,.10H,0) which can dehydrate to
the lower hydrate tincalconite (Na,B,0,.5H,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 informaﬁon 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 unpolarised incident radiation, resulting in a lower number of broad bands. A greater
quantity of material is usually required for polarised work, 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

hammonic 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 = Yk(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)
dc?

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

p=mm, @2.5)

Solutions to 2.4 have the form

r = A sin @(k/p)+ ¢ (2.6)

where the integration constants A and ¢ 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, v of the oscillation is

v = 2n)" V(k/p) @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*y + 4% (2E - k(AD)y = 0 (2.8)
ar " h

where v is the vibrational wavefunction, E is the energy of the system. The solutions of this
equation give a set of vibrational eigenfunctions, y, 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, E,

are given by
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E, = (0 + %) h2r V(k/p)
( + %) ho (2.9)

where n = 0,1,2,...., h is Planck’s constant, (h = 6.626176 x 10 Js) and v is the classical
harmonic oscillator frequency given by Equation (2.7). From Equation (2.9), the lowest energy
state (E;) has energy %hv, 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 2.3.1. The harmonic oscillator: energy levels and wavefunctions. The potential is bounded by the curve
P = ¥%k(Ar)? (heavy solid line). The quantum mechanical probability density functions |0, |* 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<r, than for r>r,, (Figure 2.3.2). As a consequence of this, as the
amplitude of thermal vibration increases with increasing temperature, r, increases and thermal
expansion occurs. In addition, the condition that An = %1 is relaxed and transitions

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

Figure 2.3.2. 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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2.3.2. 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 = t/A
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 2.33. Dispersion curves calculated for a-quartz (from Elcombe 1967) using a Born-von Karman model.
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