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Applications o f microRaman spectroscopy 
to the study o f petrological, mineralogical 

and natural structural materials

MicroRaman spectroscopy represents a powerful tool for the study of crystal 
structure and identification of materials. Despite being widely used in other 
areas of scientific research it has yet to become a routine analytical 
technique within the Earth Sciences.

Case studies are used to describe the application of this technique. Using the 
different approaches available, a variety of materials of a mineralogical and 
petrographic nature are used to assess the usefulness and applicability of the 
technique.

Following a brief review of the fundamental theory of Raman scattering, a 
description of the analytical instrument is given and the format of the thesis 
explained. An existing database of mineral spectra is assessed, 
comprehensively edited and suggestions made for improvements. Mineral 
identification is implemented on several samples to emphasize advantages 
over other techniques. Investigations of changes in crystal structure are 
performed on biotite radiohaloes, zircons and quartz on the basis of spectra 
acquired. Dimension stone and brick provide examples of the suitability of 
microRaman spectroscopy to analysing the processes and transformations of 
natural materials, for industrial benefit. The potential to enhance the 
technique became evident and a gemstone macrochamber and ‘well-plate’ -  
type sample holder constructed to realise this. Circularly polarised light was 
investigated for collecting orientation-independent spectra.

The ability to collect structural information over a micrometer scale in the 
form of maps and images makes the technique attractive to mineralogists. 
Lack of sample preparation, disparity of sample type and sensitivity are all 
advantages over XRD, a favoured technique in the investigations 
considered.

MicroRaman spectroscopic study of minerals has been found to have few 
limitations. Notably, these are largely unpredictable fluorescence and 
potential for ambiguity of results. The technique has great prospects in the 
Earth Sciences and will become a routine analytical method.
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Chapter 1 -  Introduction

This chapter comprises sections 1, 2, 3 and 4 of the current work. It aims to introduce the 

research project undertaken and place Raman spectroscopy in the context of analytical 

techniques in the Earth sciences.

A brief review of the theory of Raman spectroscopy is provided and a description of the 

microRaman instrumentation used throughout this work.

Finally, the outline and aims of the project are discussed with an explanation of the 

format used and the subject areas undertaken.

1



1 -  Project background

1- Project background
This opening section is intended to introduce the research study and place microRaman 

spectroscopy in the context of analytical methods used in the Earth sciences.

1.1 - Introduction

The premise of this project had inauspicious beginnings. The obituary of Prof. Ansell Dunham 

detailed his extensive knowledge of, amongst many things, clay minerals. Dr. David Pitt, then 

the M.D. of the Spectroscopy Products Division of Renishaw, pic (based in Wotton-under-Edge, 

Gloucestershire) had recognised the need for expanding his Division’s knowledge and 

experience of mineralogical materials in the burgeoning market of analysis by Raman 

spectroscopy. Contact with Mr. C.A. Jeffrey at the University of Leicester resulted in the 

instigation of a Ph.D. research project to investigate the application o f  Raman spectroscopy to a 

range o f  mineralogical materials and mineral based processes. Post-war technological advances 

have led this technique to an almost exponential rise in applications. It is successfully employed 

in all areas of manufacturing and scientific research and development. In the Earth sciences its 

use has been less dramatic; traditional X-ray techniques have remained central despite the 

method offering a new perspective.

It serves here to mention that the technique of microRaman spectroscopy uses laser energy to 

provide a sensitive probe of a material’s structure. Qualitative information on the presence of 

molecular functional groups can be easily and rapidly obtained in a non-destructive manner. The 

technique provides no chemical information except that indicated by matching reference spectra 

of known materials.

Following a general introduction to the instrumentation and theory underlying the Raman 

phenomenon, sections 2 and 3 respectively, a detailed account of the project aims is given in 

section 4.

2
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1.2 -  Comparison between microRaman spectroscopy and analytical 

techniques used in the Earth Sciences

The analytical tools available to those studying minerals are many and varied both in their 

complexity and scale of analysis. The type of information required largely dictates the 

instrument used. A geologist or mineralogist may, for example, only require a simple loupe to 

identify the constituent mineral species of a rock^but a mass spectrometer to quantify the Pb 

isotope ratio in a zircon grain. Whilst generalisations in a field as broad as mineralogy are 

impossible, it can be stated that the interests of the mineralogist and petrologist often lie in the 

micro-scale. That is to say, features that exist on a scale measured in micrometers and, with 

advances in instrumentation, nanometers. A mineralogist may then use the EMPA or XRF for 

quantitative chemical analysis and XRD to provide crystal structural information. There are of 

course a multitude of other analytical techniques^however^few could be considered routine. Of 

these, Raman spectroscopy is a relatively new addition to the array of methods on offer, even 

though the technique was described in 1930. Named after the Indian scientist C.V. Raman, it is, 

as the name suggests, a technique involving the study of energy (light) and has much in common 

with the more familiar technique of infrared (IR) spectroscopy. Table 1.1 compares the more 

commonly available techniques in mineralogy for comparison with Raman spectroscopy.

From Table 1.1 it can be seen that when combined with a microscope, Raman spectroscopy 

offers the user a means of investigating his mineralogical samples that could not be achieved by 

any other single method. Samples may be presented as thin sections that can also be used in the 

SEM, for example; as powders that can then be analysed by XRD; as a hand specimen; or even 

as pellets used in the XRF instrument, all without the need for further preparation. Structural 

information derived from Raman spectra can be likened to that from XRD but with the 

advantage that spatial relationship is preserved. Chemical information can often be derived by 

interrogation of the data and by reference to known samples and, whilst not comparable to the 

quantitative X-ray techniques, can often be used to comment upon light elements. And since the 

spectra are a function of functional groups in the sample, the chemical information from Raman 

spectra can be more useful than that from other methods. The ability to perform ‘mapping 

experiments’ allows discussion of the spatial distribution of components and cannot be achieved

3



1 -  Project background

Technique Information Sample prep. Destructive? Other remarks

SEM

Textural 
(quan titative/qualita tive  
chem ical if  E D X /W D X  

fitted)

Sam ple size lim ited  
by cham ber (m ax. 

few c m ’s). G enerally  
m ust be coated  (C  o r 

A u/Pt). (po lished) 
thin sections 

possible.

No. Can be re
analysed in SEM . 

C oating  non
rem ovable.

•  H igh requirem ent for 
consum able  liquid N.

•  C an be com bined w ith 
R am an

•  Instrum entation  cost very 
high

Powder XRD Structural. M ineral 
identification

V ery finely 
com m inuted  by 

crushing, m illing  and 
grinding.

Y es, although 
pow der may be 

re-analysed
•  P oor sensitivity

Single crystal 
XRD C rysta llographic  structu re

Very m inute c rystals 
required

N o, although 
m ay induce 

co lou r change

•  In terpretation  o f 
inform ation  quite 
specialised

XRF Q uantita tive  chem ical

C rushing, m illing  
and grinding. P ow der 
pressed into pelle t o r 

m elted in flux to 
form  fused bead

Yes, although 
pelle ts and beads 

may be re
analysed.

•  Sam ple prep, highly tim e- 
consum ing.

•  Instrum entation  costs 
relatively  high

•  D ata can be am biguous
•  A nalysis autom ated

EMPA Q uantitative chem ical
C -coated  uncovered  

po lished thin 
sections

No

•  H igh requirem ent for 
consum able  liquid N.

•  P o o r detection lim its for 
som e elem ents

•  In situ  ‘po in t’ technique 
preserves textural 
relationships

•  C -coating  may be 
polished off

ICP-MS/AES Q uantitative chem ical

E xtensive. B ulk 
sam ples o f  finely  

com m inuted rock or 
separated  m ineral 
species m ust be 

d issolved in acid

Yes. Sam ple in 
solu tion  is 

vapourised.

•  H igh requirem ent for 
consum ables.

•  Instrum entation  costs 
high

•  Sam ple prep, can be very 
tim e-consum ing  and 
po tentially  hazardous

CL Q ualitative chem ical Polished sections No

Raman

C rysta llographic  structu re  
(sing le  points, 2D  m aps, depth  

profiles), chem istry  m ay be 
inferred, m ineral iden tification

N egligible. Thin  
sections, bulk 

sam ples, liquids, 
gases. Pow ders can 

be in tractable.

No, unless 
therm ally 

sensitive (any 
dam age is highly 

localised)

•  V ery rapid analysis
•  C an also perform  PL
•  C onsum ables negligible 

(lasers have lifetim es o f  
m any thousands o f hours)

•  R elatively  inexpensive
•  Easy to use
•  F luorescence can be 

problem atic

Table 1.1. Summary o f  com m on analytical techniques in mineralogy.
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by other methods. The ability to store mineral spectra and create searchable databases can be 

compared only with XRD, however, Raman spectra are easier to interpret than diffraction 

patterns and are more revealing. The instrumentation is relatively cheap, requires no 

consumables and is easy to use.

Exploiting the Raman scattering phenomenon has enabled studies as diverse as in vivo medical 

examinations to the study of cosmic dust particles. Consequently, the number of published texts 

relating to Raman spectroscopy is equally large. However, the current range of applications in 

mineralogy is restricted.

1.3 -  Summary of Raman spectroscopy in the Earth sciences

Probably the most voluminous area of published Raman studies in the Earth Sciences belongs to 

the identification of minerals. The growth in the use of Raman scattering in this respect is 

attributed to the unequivocal and unambiguous assignment of a mineral to its Raman spectrum; 

every substance can be considered to have its own characteristic Raman spectrum, essentially 

based on the response of the structure to a laser beam. Proprietary Raman databases exist 

alongside those held in the public domain that allow an unknown crystal’s spectrum to be 

compared against reference spectra and the identity determined. The general form of the relevant 

literature is to relate the structure and crystal symmetry to the spectra by use of Factor Group 

Analysis (FGA), and the application of selection rules. Examples of these include: Biihn et al 

(1999), Porto et al (1967), McKeown et al (1999), Forbes et al (1988), Frost et al (1997), 

Mernagh et al (1993) and Wopenka et al (1999). These works provide excellent reference 

sources since an increasingly broad database of the positions and behaviour of different 

functional groups in mineral crystal systems can be built up. In particular are studies by Mernagh 

(1991) and Frost (1996) that provide invaluable spectral data on the feldspars and kaolinite 

polymorphs, respectively. Raman spectroscopy is an extremely useful tool for this purpose.

Other mineral polymorph determination studies can be found in Rodgers (1992) and Ervin 

(1952). There are, however, some minerals that, for various reasons, are intractable to analysis 

by Raman spectroscopy. Theoretical considerations dictate that minerals with strongly ionic 

structures, i.e. metals, will not produce Raman spectra. Galena, with the highly ionic zinc blende 

structure, is an example. Fluorescence is the single greatest impediment to Raman analysis. The
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mechanisms, and methods to circumvent the problem, are explained further in Section 2 (Basic 

Theory of Raman Scattering).

A growing number of minerals can be considered to be very well understood in terms of their 

Raman spectra in relation to their structure. Among these are the relatively simple molecules 

diamond, quartz, zircon and the carbonates. However the long-established use of IR 

spectroscopy in organic chemistry means that the state of knowledge in this field is far more 

advanced. Indeed, explanations of the theory of the phenomenon are invariably based on organic 

compounds. The monograph of Farmer (Ed. 1974) entitled ‘The Infrared Spectra of Minerals’ 

covers all aspects of the vibrational study of minerals. As will be highlighted later, many of the 

considerations of the IR analysis of minerals apply to Raman spectroscopy.

Roberts & Beattie (In: Potts, Bowles, Reed and Cave, 1995) provide a clear and concise 

contemporary precis of the use of microRaman spectroscopy in the Earth sciences. Some of the 

more widely addressed areas are mentioned here.

Fluid inclusion analysis
The analysis of fluid inclusions represents an important area in the analysis of some minerals, 

particularly ore suites, which can lead to detailed information concerning the paragenesis. This 

information can be used for modelling and to improve the understanding of the formation of 

economically important deposits. Temperature and pressure conditions and some aspects of 

composition, for example, salinity, can all be determined using the traditional methods. Recently, 

Raman spectroscopy has been combined with the more traditional microthermometric approach 

to enhance these studies. A powerful analytical tool, microthermometric data can be ambiguous 

since it does not permit the unambiguous identification of the components. The use of 

microRaman spectroscopy achieves this.

Gemmology
Raman spectroscopy is playing an increasingly important role in gemmology. However, the 

relatively high cost of the instrumentation still largely precludes it from all but the large gem- 

testing laboratories; significantly less complex instruments can achieve the identification of 

gemstones. Raman spectroscopy offers advantages in that considerably more information can be
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determined and without the potential to induce colour modification that X-ray methods have 

been associated with. In an attempt to remain ahead of gem treaters and synthesisers, Raman 

spectroscopy is seen as an effective tool. In a recent study (for example, Collins et al, 2000) it 

was shown that natural colourless type Ha diamonds could be distinguished from colourless 

diamonds that had been heat-treated at high pressure to remove their natural brown colour. It can 

be expected that this technique will play an increasingly important role in the field of coloured 

gemstones.

Geological processes
Applications of the technique to geological processes include Myneni et al (1998), Rodgers et al 

(1989), Liu et al (1990) and Cesare et al (1999). The latter used Raman spectra to distinguish 

between four different types of graphite to indicate grades of metamorphism and the extent of 

disequilibrium during anatexis. Liu et al (1990) were able to define a P-T curve for the 

entrapment of garnet in diamond in an attempt to define the conditions of formation of eclogite- 

paragenesis diamonds. Raman spectroscopy in these studies allows very precise analysis of 

modifications in the behaviour of specific functional groups in molecules to model geological 

conditions. Vibrational spectroscopy appears to be the only technique that permits this. Of the 

spectroscopic techniques, Raman spectroscopy appears to have many advantages over IR 

spectroscopy in the analysis of minerals. Although complementary to IR spectra, Raman bands 

are sharper and due to theoretical considerations, Raman spectra are more populated with 

features than IR spectra. In addition, Raman spectroscopy is a true microtechnique, allowing 

more specific analyses to be performed.

Object d’Art and historical pieces
One area in which the Raman spectroscopic analysis of minerals is rising is in the analysis of 

inorganic pigments used in manuscripts, paintings, frescos and ceramics. Such analysis aids 

conservators and restorers and may become important in the authentication of artwork. Clark 

(2001) cites the major advantages of microRaman spectroscopy in this area as the ability to 

perform in situ, non-destructive analyses that are highly reproducible. The technique is 

established as a highly sensitive method of determining the nature of individual pigment particles 

without interference from binding agents or other pigment particles. Examples of the minerals 

forming early artists’ palettes are pyrolusite (black), azurite (blue), goethite (brown/orange),
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malachite (green), realgar (red), anatase (white) and orpiment (yellow). All are easily determined 

using the technique and distinguishable between similar colours and hues based on their Raman 

spectra. An increasing body of literature is building as more curators recognise the potential, 

especially when combined with Laser-Induced Breakdown Spectroscopy (LIBS) (see Clark,

2001 for numerous references) of microRaman spectroscopy and the instrumentation becomes 

more widely accessible.

Other museum and archaeological objects, too, are benefiting from the recent ascent of the 

technique. Mineral particles detected in the markings of maps (Brown, unpublished, In: Clark, 

2001) and ancient skeletal remains (Edwards et al 2001) are examples of where the method has 

contributed to our understanding of the objects that, perhaps, could not have been learned 

otherwise.

Palaeontology
Perhaps one area of the Earth sciences where the technique has yet to make a significant impact 

is in the analysis of fossils and remains preserved in rock. Analysis by Raman microprobe may 

be able to contribute to preservation, particularly where organic matter has been preserved.

Often, these samples are very delicate, limiting the applicable techniques. In contrast, 

microRaman spectroscopy is non-contact and nominally non-destructive.

In a recent study, Schopf et al (2002) used the method to help demonstrate that organic matter in 

rocks over three billion years old represented the poorly preserved remnants of microbial life.

1.4 -  Related literature

Roberts et al (1995) are just one of the many that state that it was the advent of continuous wave, 

CW, lasers in the 1960’s that sparked the rapid increase in Raman spectroscopy and saw the 

technique begin to increase in mineralogical analytical work. However, it is still a relatively new 

tool to the Earth Sciences. Indeed, as recently as 1973 Wilkinson (In: Anderson, 1973) 

acknowledged the work done on minerals and encouraged its development. In the field of 

mineralogy the literature falls into several general areas. Raman spectroscopy is often included in 

texts covering absorption spectroscopy, particularly alongside Infrared, IR. Mottana et al (1990),
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McMillan et al (1988), Roberts et al (1995), Griffith (1974, 1975) and Ahrens (1995) all describe 

the phenomenon with respect to crystals, generally using molecular systems familiar to the 

mineralogist. Several of these accounts provide summaries of work up to that point relating to 

the various mineral structure groups. McMillan et al (1988), particularly, but also Griffith 

(1987), summarise the extent of crystal structure knowledge gained from Raman spectroscopy on 

these groups. Texts more specific to Raman spectroscopy in the Earth Sciences include 

McMillan (1989), Griffith (1975) and White (1975). Indeed, the work published by Griffith 

(1975) remains a vade mecum for the mineralogist using Raman spectroscopy by providing peak 

positions for a very large number of minerals. Similarly, Wilkinson (In: Anderson, 1973) 

provides a useful guide to the analysis of crystals. Although largely based on the theoretical 

prediction of Raman peaks on pure synthesised crystals it contains several naturally-occurring 

species as examples.

Far more generalised texts concerning microRaman spectroscopy, covering the optical theory of 

Raman spectrometers and related spectroscopic techniques, e.g. Fourier-Transform (F-T) 

spectroscopy (both FT-IR and FT-Raman), CARS and Surface Enhanced Raman Scattering 

(SERS), can be found in Gardiner et al (1989) and Rosasco (1982). These rather specialised 

forms of the phenomenon will not be considered further in any detail in this study .

An excellent general text accurately entitled the ‘Fundamentals of Molecular Spectroscopy’

(Banwell and McCash, 1994) guides the reader of modest solid state physics background through 

the principles of electromagnetic radiation and the related spectroscopic methods. In-depth 

treatments of Raman phenomenon theory can be found in Long (1977) and Colthup et al (1964). 

The latter describes itself as presenting theory on an elementary level but is still largely beyond 

the reach of the novice spectroscopist. A discussion of crystal symmetry and point groups, 

subjects familiar to the mineralogist, is given and leads to a treatment of more esoteric topics 

such as selection rules and FGA. Long (1977) provides a summaritive account of the theory of 

Raman scattering. The text takes a very mathematical approach but all aspects of the 

phenomenon are covered in detail. A very readable text covering theoretical considerations as 

well as instrumentation and applications is given by McCreery (2000).

9



2 -  Basic theory

2 -  Basic Theory of Raman Scattering
In order to understand the potential mineralogical applications of Raman spectroscopy, a brief 

review of the underlying theory is presented. The aim is to provide a brief, simplified outline of 

the principles that will aid the understanding of subsequent chapters and subsections. The reader 

is directed to the references cited in section 1 for a more complete discussion.

2.1 -  Introduction

Raman spectroscopy is one of a group of techniques that can collectively be described as 

molecular spectroscopic techniques. Fundamentally, each is concerned with the interaction of 

some region of the electromagnetic spectrum with matter on a molecular level. The precise 

nature of the interaction differs with each of these regions.

As with infrared region interactions, Raman spectroscopy is concerned with molecular 

vibrations. The basic tenet is that a beam of electromagnetic radiation, a source of energy that 

interacts with a molecule, for example, will have its energy reduced as it elevates that molecule 

to a new energy level. A molecule in space may possess rotational, vibrational or electronic 

energy and may exist in a variety of levels, the transitions between which require a finite 

quantity of energy. A plot of the frequency range of incident energy against absorbance will 

exhibit a peak corresponding precisely to the frequency of this quantity of energy. If we consider 

an incident monochromatic beam of radiation in the visible region of the spectrum interacting 

with a sample, components of the light may be transmitted, absorbed and re-emitted or 

‘elastically’ scattered with unchanged energy. This latter component may account for around 

0.001% (Roberts et al, 1995) of the incident energy. O f this small fraction, a further, minor 

component, of the order 0.001% (McMillan et al, 1988), is scattered with a change in energy. It 

has been ‘inelastically’ scattered. This discrete energy difference occurs both above and below 

that of the incident energy. C.V. Raman predicted the occurrence of this inelastically scattered 

light caused by molecular vibrations; “the periodic displacements of atoms from equilibrium 

positions” (Banwell and McCash, 1994).

10
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2.2 -  Fundamental theory

Both quantum mechanics and a classical mechanical approach are routinely invoked to explain 

the phenomenon. Again, the reader is referred to the texts listed in section 1 for a more complete 

discussion.

Quantum theory

The incident radiation can be considered to be a stream of photons with a distinct value of 

energy, E = hv (where h is Planck’s constant and v is the frequency). The interactions with 

molecules may be ‘elastic’ and the photon is scattered with unchanged energy. ‘Inelastic’ 

collisions arise when energy is exchanged between molecule and photon; the molecule either 

gains or loses energy, AE, corresponding to the transition to a new rotational or vibrational 

energy level in accordance with quantal laws (Banwell et al, op. cit.). The scattered photon 

consequently has energy AE - ±  hv and frequency v = ± AE/h. Photons colliding with molecules 

have been likened to ball bearings striking a drum. The interactions may be perfectly elastic; the 

ball bearing is bounced from the drum with identical energy. Inelastic interactions may see the 

ball bearing lose energy equal to that needed to set the drum oscillating (AE = - hv) or it may 

strike in phase with an oscillating drum and be bounced with greater energy (AE = + hv). These 

inelastic interactions are collectively called Raman scattering. Photons with less energy after 

interaction are termed the Stokes scattered photons and those with greater energy are the Anti- 

Stokes photons. Elastic scattering is termed Rayleigh scattering.

Energy level diagrams are used to represent vibrational level transitions of the system as energy 

is either absorbed or emitted. Rayleigh transitions arise from transitions that start and finish at 

the same energy level; the ground state, v = 0, where v is the vibrational quantum number. The 

molecule is excited to a ‘virtual’ energy level by interaction with a photon of energy Eo from 

which it decays with the creation and release of a photon, Eo. Stokes Raman scattering arises 

when the molecule is elevated to some virtual energy level from which it decays either to some 

permitted energy level, i.e. v = 1. Anti-Stokes Raman scattering is statistically (from the 

Maxwell-Boltzmann distribution equation) far less likely to occur at room temperature 

conditions. It requires the molecule to be in an elevated vibrational state from which it is excited
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to the virtual energy level, subsequently decaying with the release of a photon with greater 

energy than Eo. The different transitions discussed are depicted in an energy level diagram in 

Figure 2.1. Routinely, only Stokes Raman scattering is recorded because the anti-Stokes signal is 

such a weak component.

Stokes Rayleigh
o) (Raman scattering)

I
Anti-Stokes

(Raman scattering)

Fig . 2 .1 . E n e rg y  lev e l d ia g ra m . A f te r  M o tta n a  a n d  B u rra g a to  (1 9 9 0 )

Classical theory

The Raman effect can also be viewed by considering the scattering molecule as a collection of 

atoms undergoing simple harmonic vibrations. This model takes no account of the quantisation 

of energy. Whilst said not to be wholly adequate in describing the phenomenon the mechanical 

model does permit a better understanding of the molecular dipole and molecular polarisability 

(Banwell and McCash, op. cit.). It is this concept that forms the basis of all forms of molecular 

spectroscopy. The different techniques arise as a result of the different possibilities of interaction 

of the incident radiation’s electric or magnetic field with the dipole. More specifically, there 

must be some electric or magnetic change in the dipole. Small positive and negative charges on 

atoms in molecules result in an induced dipole moment as positively charged nuclei are attracted 

to the negative pole of the incident electric field and electrons to the positive pole. The 

magnitude of the induced dipole moment depends upon the size of the electric field and also the 

ease by which the molecule can be deformed, the polarisability, a.

(i = a  E
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where p is the induced dipole. Since the electrons forming a molecular bond are more easily 

deformed in the direction of the electric field than perpendicular to it, it follows that the 

polarisability is anisotropic. A polarisability ellipsoid can be drawn for any molecule, the lengths 

of the axes of which are inversely proportional to the square root of polarisability along that axis. 

The electric field experienced by a molecule irradiated by energy of frequency, v, varies as:

E = E0 sin27tvt

where t = time. And the induced dipole undergoes an oscillation of frequency v:

p = a  E = a  E0 sin27tvt 

Thus, the oscillating dipole emits radiation of its own frequency; the elastic, or Rayleigh 

scattered radiation. The oscillating dipole will have another oscillation superimposed upon it if a 

periodic change in the polarisability ellipsoid as a result of vibrational or rotational deformation 

or motion occurs:

a  = oto + (3sin27WVibt

where Oo is the equilibrium polarisability, (3 is the rate of change of polarisability with vibration 

and vvib is the vibration that changes the polarisability. The above equation can be expressed in 

terms of p and expanded using the trigonometric relationship:

p = OoEosin27tvt + !/2(3Eo{cos27t(v-vVib)t -  cos27t(v+vVib)t}

The equation thus has terms that account for the occurrence of Rayleigh scattering as well as 

Stokes and Anti-Stokes Raman scattering. Importantly, it also predicts that for interactions that 

do not lead to an alteration, either in the magnitude or direction, in the polarisability, i.e. P = 0 

the oscillating dipole only emits radiation of the frequency of the incident energy. Thus Raman 

activity is in contrast to infrared activity where a change in the electric dipole moment is 

required. For simple molecules and for those possessing little symmetry it is relatively simple to 

assess whether the various vibrations will be Raman active. Banwell and McCash (1994) state 

that for these molecules, for example EEO, one can generally assume that all the vibrational 

modes are Raman active. More complex molecules and those with high degrees of symmetry 

require more detailed consideration of the effect of vibrations on the polarisability in order to 

predict Raman activity of the fundamental modes of vibration as well as of overtones and 

combination modes.

13
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The symbol v (not to be confused with frequency whose symbol is traditionally also v) is used 

with a subscript, e.g. Vi to denote the fundamental vibrational mode frequencies. By convention 

the subscripts are numbered in order of decreasing symmetry of the vibration and within that in

polarisability ellipsoids for each vibration. Equilibrium positions are shown as the central

whilst non-symmetric vibrations are weak or may even be unobservable. Bending motions are 

also typically weak.

Di Symmetric stretch Symmetric bend

For CO2 only Vj is Raman active. Clearly, the molecule and therefore the polarisability ellipsoid, 

changes in size and shape during the symmetric stretch (also commonly called the ‘breathing 

mode’)- The fundamental vibrations V2 and V3 are Raman inactive. If the extension or 

compression of the bond (or angle) is measured it can be seen that for small displacements there 

is no effective change in the polarisability and so the vibration is Raman inactive.

It follows from the discussion of polarisability that the more covalent in character a molecular 

bond is the stronger its Raman activity is likely to be. Bonds more ionic in character posses a 

much smaller net dipole and thus have no Raman activity. A great many factors contribute to the

order of decreasing frequency. Figure 2.2 shows the fundamental vibrations of CO2 and the

molecule in each case. As a general rule symmetric vibrations produce more intense Raman lines

o — c — O 0

o — c — o Q
<1o c  o o — c — o

0 3 Asymmetric stretch

o — c — o

o — c — o I
o c —o

Fig. 2.2. Changes in the polarisability ellipsoid o f  C 0 2 during vibrations. Redrawn from Banwell & McCash (1994).
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specific frequency at which a vibration occurs. These include the masses of the atoms and any 

charge on them, the local symmetry of the molecule and the nature of the bonding. If we 

consider a simple diatomic molecule as point masses attached by a spring that obeys Hooke’s 

Law it is obvious that heavier atoms will oscillate at a lower frequency than lighter atoms and 

that stronger bonds lead to higher frequencies (Whiffen, 1972). Indeed, this concept has been 

extrapolated further and details of the Raman spectrum used to provide information about the 

bond lengths, molecular shapes and electronic structure of molecules.

Internal motions of crystals

The preceding discussion has described the mechanics that may lead to Raman activity. Methods 

exist that allows us to determine the species and number of vibrational modes that a particular 

molecule possesses and of these which are optically (and acoustically) active. Selection rules 

govern which of these are IR- or Raman-active. As with much of the theory presented in the 

current work, there exists a great many published resources that the reader is directed to for more 

elaborate descriptions. Of these are the seminal works by Bhagavantam & Venkatarayudu (Proc. 

Indian Acad. Sci. Sect. A 9, 1939) and Winston & Halford (J. Chem. Phys. 17, 1949). 

Modifications and improvements to the original methods can be found in Rosseau, Bauman and 

Porto (1981), for example. Many worked examples of the application exist. For example, the 

work of White and De Angelis (1967) and more recently those of Graves, Johnston and 

Campaniello (1988) on spinels serve as useful examples.

Factor Group Analysis, FGA, is such a method that can enable us to predict the number of 

Raman and IR modes for a molecule. It cannot, however, predict the frequency at which they 

will occur or their relative strength. As an example, coesite has 33 predicted Raman-active 

modes (Liu et al, 1997) but fewer than half of these have been observed. One explanation for this 

is that some bands may be too weak to detect with current technology. Simply, FGA considers 

symmetry aspects of the molecule and the effect on the symmetry by performing certain 

operations. Correlation with published tables allows one to determine which vibrations are 

Raman- or IR-active. A simple derivation and discussion of the procedure follows:

The atomic positions of molecule of n atoms in space can be described by reference to three
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mutually perpendicular axes, i.e. the Cartesian coordinates x, y  and z, giving 3n coordinates.

Each coordinate can be defined independently so the molecule possesses 3n degrees of freedom 

(Banwell & McCash, 1994). If the molecule translates (a symmetry operation that transforms the 

molecule to an equivalent, identical position) about a reference, e.g. its centre of gravity, three of 

the coordinates are used to describe the reference, leaving 3n-3 degrees of freedom. A further 

three are required to describe rotations, leaving 3«-6 degrees of vibrational freedom. This simple 

rule allows us to begin to calculate the number of vibrations possessed by a crystal.

For crystals, n can be very large, so it is logical to consider only the unit cell in discussion of the 

vibrational behaviour. The vibrations of a single unit cell define those of the whole crystal 

(Farmer & Lazarev In: Farmer, 1974). The unit cell can be identified by the point group, a more 

convenient method of describing the set of symmetry operations that the space group conforms 

to. The atoms are related by the symmetry elements and operations -  rotations, reflections, 

inversions and improper rotations. Screw and glide operations contribute to the point group but 

they are not considered further since they are translations of the entire unit cell. The resulting 

unit cell group is also called the factor group. They are isomorphous with one of the 32 

crystallographic point groups familiar to the mineralogist and can be assigned on the basis of the 

external form of a crystal. The 32 point groups, through various rules, exceptions and 

permutations, lead to 230 unit cell groups. Point groups and factor groups thus provide a 

summary the symmetry of molecule. The notation used by crystallographers and mineralogists is 

the Hermann-Mauguin system whilst spectroscopists favour the Schoenflies notation. For 

example, using the Schoenflies notation, C2V describes all the symmetry properties of the water 

molecule (the identity operation, E, the C2 rotation axis and the <yv and <yv reflections) that are 

described by the Pmm2 space group.

Each factor group has a character table. These have been published in many sources. Character 

tables provide a summary of the effect the symmetry operations have on different properties of 

the molecule (e.g. the polarisability along a particular axis). An example of a character table is 

presented in Table 2.1. A +1 or -1 in the table signifies that property being unchanged or 

changed, respectively, for that operation. The row headings of the character table are called the
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irreducible representations and are symmetry operations. They have the symbols A, B ,E  and T. A 

and B operations are one-dimensional symmetry species’ that have different effects on the 

principal rotation axis. They may have numerical subscripts (a 1 or 2, typically) to distinguish 

between species that would have the same label.

c4v E 2C4 c2 2gv 2od

A, + 1 + 1 +1 + 1 + 1 z, x2+y2, z2

a 2 + 1 +1 +1 -1 -1 Rz

B, +1 -1 +1 +1 -1 xV
b 2 +1 -1 +1 -1 +1 xy

E +2 0 -2 0 0 (x,y), (xz,yz), (Rx,Ry)

Table 2.1. Character table for m olecules o f  C4v symmetry.

Additionally, they may have the subscripts g  or u, from the German gerade (meaning even) and 

ungerade (meaning uneven). These are assigned depending upon how the species’ effect the 

inversion, i, symmetry operation. The A / representation defines the totally symmetric effect (A 

if the molecule possess a center of symmetry and A ju if it does not). The prime superscripts, ', or 

“, (or more, in highly symmetric molecules) are used to describe the behaviour under the 

different mirror symmetry operations. E  is used to describe the effect of a degenerate pair; it 

comprises two separate operations that have identical symmetry properties and therefore 

identical energies. E  is a two-dimensional symmetry species. T signifies a three-dimensional 

symmetry species and describes how a triply degenerate item behaves. Three operations have 

identical symmetry and thus three bands with identical energy (and therefore wavenumber shift) 

will appear in the spectrum. This species only occurs in highly symmetric molecules, for 

example, silicon, germanium and diamond which all have cubic symmetry. This explains why 

the example in Table 2.1 has no T  modes; it does not possess the high degrees of symmetry. The 

last column in the character table lists the vectors, rotational vectors or tensors (using the 

conventional Cartesian co-ordinates x, y and z, where z is ascribed to the principal symmetry 

operation rotation axis) that are affected by the irreducible representations. From this it is simple 

to determine which of the symmetry species give rise to Raman active modes since the 

polarisability ellipsoid is a second order, or tensor, property (IR active modes depend on the 

change in the dipole moment, a first order, or vector, property. The last column may contain first
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order terms, second order terms or both or neither, i.e. the symmetry species may be Raman 

and/or IR active or vibrationally inactive. Thus IR and Raman vibrational spectroscopic methods 

are complementary. In the example in Table 2.1, the Ai and E species are both Raman and IR- 

active, Bi and B2 are Raman active only and A2, a rotation, is IR-active only).

The application of character tables to predict the nature of vibrations of molecules is relatively 

straightforward (for simple molecules, at least). The correlation method of Fately et al (1971) for 

determining crystal lattice vibrations is particularly rapid. Several worked examples are 

provided. The technique merely requires the knowledge of the crystal structure, which for a 

known mineral can be obtained from the literature or from tables of X-ray structure 

determinations. It may also be possible to determine the structure from euhedral crystals. From 

the crystal structure the Bravais unit cell is determined. For each equivalent atom the site 

symmetry is found from the table given in Fately et al (1971). Each site group for the unit cell is 

then correlated to the factor group of the whole crystal to give a sum of the irreducible 

representations.

A reducible representation can be determined by considering the number of bonds that are 

unchanged by the symmetry operations. From the character table for a molecule of this 

symmetry it is possible to see which of the irreducible representations it is ‘reduced’ to. For 

larger character tables a simple projection formula exists to determine which lines of the table 

contribute to the representation. Reference to the character table tells us what form the vibration 

takes, e.g. symmetric or asymmetric stretching. It is important to note that any given set of 

symmetry related bonds have one totally symmetric vibration.

The frequency positions at which vibrations appear depend upon the bond force constants, k, the 

atomic masses and the molecular geometry (Farmer, 1974). Vibrational spectra have been used 

to establish the values of interatomic force fields, which are directly related to the properties of 

chemical bonds, such as the bond disassociation energy and bond length. General relationships 

have been determined for both covalent and ionic bonds such that observed changes in band 

frequency correlate to known changes in certain properties of the molecules. Knowledge of force
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constants can be used to predict the frequencies of vibrations predicted to occur, for example, 

from FGA.

2.3 -  The Raman spectrum

The Raman spectrum has axes of arbitrary intensity units against Raman shift, expressed most 

commonly, in wavenumbers, cm '1. An example of a Raman spectrum is displayed in figure 2.3. 

The wavenumber unit occurs in most forms of spectroscopy and is simply the reciprocal of the 

value o f the wavelength. It is the number of waves in one centimetre, instead of the length in 

centimetres of one wave. The incident energy is ascribed the value of zero and the Raman peaks 

are said to have frequencies ‘shifted’ from this. It allows a more convenient unit than the 

unwieldy absolute wavenumber. The Raman shifted frequencies thus have values that are simply 

the difference between the absolute wavenumber of the peak frequency and that of the incident 

laser energy. For example, 514 nm green excitation, may be expressed as:

1/514 x 10'9 m = 19,455.25 Absolute wavenumbers, Abs. cm '1.

A Stokes-Raman band at a position of 1006 cm '1 shift from the 514 nm excitation can be 

expressed as:

19,455.25 -  1006 = 18,449.25 Abs. cm '1 

= 1/18,449.25 cm 

= 0.0000542 cm 

= 542 nm

Correspondingly, an anti-Stokes band at -1006 cm '1 has a wavelength of 488 nm.

Since it is the energy of the vibration that is represented as a band in the spectrum, the excitation 

wavelength is irrelevant; a quartz spectrum recorded with 488 nm excitation will have the same 

bands, shifted the same amount, as a quartz spectrum recorded using 633 nm excitation. That is 

not to say the selection of the excitation wavelength is irrelevant. In fact, it is often quite the 

opposite.
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Fig. 2.3. A Raman spectrum from a linarite crystal. Note the sharp bands.

The spectrum itself is thus a record of the frequency distribution of the Raman scattered photons. 

The routine analysis of minerals and inorganic molecules is usually concerned with Raman shifts 

of between 0 cm '1 and 2000 cm '1. This frequency range is often split into internal and external 

vibration regions. Internal vibrations relate to the types of motion represented in figure 2.2. 

These, typically, are the stretching and bending motions although other translations are possible, 

for example wagging and rocking. They involve changes in the bond lengths and bond angles.

An example of internal vibrations is provided by thortveitite, Sc2Si2C>7. The silicate anion, Si2C>7, 

can be considered as two SiC>3 molecules connected by a bridging O atom. The local symmetry 

of the SiC>3 groups (which in a crystal may be less than that of an isolated SiC>3 molecule) will 

determine which of the vibrations (e.g. stretching and bending) are optically active. The 

vibrations will combine and then be added to the motions of the bridging O (Lazarev In: Farmer, 

1974), whose own vibrations will depend upon its local symmetry. External vibrations, also 

called lattice modes, refer to the rotational and translatory motions of molecules relative to each 

other and occur at low wavenumbers. In the thortveitite example, the external modes comprise 

the rotations and translations of the Si2C>7 anion with translations of the Sc+ ions (Lazarev In: 

Farmer, 1974). The region of the Raman spectrum below about 500 cm'1 is often referred to as 

the ‘lattice region’. The frequency at which the lattice region passes into the ‘internal’ region 

depends on the sample.
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Many textbooks of molecular spectroscopy contain tables of the Raman peaks of organic and 

inorganic molecules and functional groups that can be directly extrapolated to those in common 

mineral crystals e.g. the sulphate and phosphate ions. Whilst it is convenient to subdivide 

minerals based on which complex ions they contain, such as carbonates and sulphates, the 

division is not always so obvious. Moenke (In: Farmer, 1974) cites the spinels, of general 

formula A23+B2+04, as an example. Here, the structure can be regarded as (BO4)6' anions bound 

by octahedrally coordinated A3+ cations, or alternatively, as a three dimensional network of 

edge-sharing (A2O4) ‘ octahedra with interstitial B“ cations. Many of the published tabulated 

data are from direct observation rather than from calculation. Before the advent of high-powered 

continuous lasers and efficient detectors many of these frequencies were calculated based on 

FGA and force constants.

As a consequence of the inherently sharp peaks in a Raman spectrum and the sensitivity of the 

technique to composition and structure we might consider every substance to have a 

characteristic Raman spectrum. The position, width (usually expressed as the full width at half 

maximum, FWHM), shape and intensity of bands are all important features recorded in the 

Raman spectra of a sample. The FWHM is defined in Figure 2.4. The means of calculating the 

FWHM of a band is covered in section 3.8.
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Fig. 2.4. The FWHM is defined as the width o f  a band, in cm '1, at half the maximum intensity o f  that band.
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Line broadening and Intensity

Vibrational transitions have a natural half width, i.e. the FWHM, which cannot be reduced by the 

spectrometer. Peaks are not infinitely sharp, however, since the energy levels involved are not 

precisely defined. Although spectrometer design varies in some respects between manufacturers 

each incorporates an entrance slit. Increasing the slit width allows greater throughput of light (i.e. 

signal) but at the expense of increased stray light (i.e. background) and also peak broadening.

The latter is the consequence of a broader range of frequencies being allowed to fall on the 

detector. A typical slit width for a dispersive Raman instrument might between 10 micrometers 

and 50 micrometers.

Line broadening also occurs independently of the slit. Some of the main factors relevant to this 

study are:

• Loss o f crystallinity and ordering - the Raman bands of a mineral will increase as the bond 

angles and bond lengths within the structure change. The most extreme forms, i.e. glasses 

may have very broad bands compared to their crystalline parents.

• Deviations from stoichiometry. White (In: Farmer, 1974) cites studies on LiNb03 and 

LiTaC>3 where deviations of a few mol % from ideal compositions led to more than doubling 

of band widths. The broadening phenomenon remains poorly studied but was ascribed to 

translational disorder. The intensity was observed to decrease as the widths increased (Scott 

and Bums In: Farmer, op. cit.).

• Crystallite size. Very finely comminuted particles e.g. clay particles, may produce Raman 

bands with broader bands than larger, single crystals of the same species.

Additional, weak physical factors can affect the Raman spectrum. Although more applicable to 

liquids and gases and of minor relevance to this study, these are collision broadening, Doppler 

broadening and the Heisenberg Uncertainty Principle. Increase in temperature of the sample can 

also cause line broadening and is perhaps, the most significant in the Raman analysis of 

minerals. To this end, caution must be taken that the excitation does not lead to excessive local 

heating.
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The intensity of spectral peaks depends upon three factors. Firstly, the transition probability 

relates to the likelihood of a system changing state. Detailed quantum mechanics calculations 

and considering the selection rules are possible but only very rarely carried out. It is possible, 

however, to predict the intensity of spectral peaks. Secondly, population density. Simple 

statistical rules are used to describe the population: the number of atoms or other components 

present in a particular state. If there are two energy levels from which particles may be excited to 

a third the most intense spectral line will originate from the most populated state. Thirdly, the 

concentration of a particular component in a sample obviously relates to the intensity of the 

band.

Raman scattering, as well as other absorption and dispersion methods, produces bands that are 

Lorentzian in shape under ideal circumstances (Denney, 1982). However, instrument processes 

impose a Gaussian function. Consequently, the resultant peaks are a mixture of these. Computer 

software is used to iteratively apply a mixed-fiinction to solve the peak and supply values for the 

peak center, FWHM, peak height above background and peak area. Figure 2.5 illustrates the 

differences between Lorentzian, Gaussian and mixed Lorentzian and Gaussian distribution 

curves fitted to a Raman band.

Lorentzian  
curve fitted

G aussian  

curve fitted

M ixed G a u ssia n  an 
Lorentzian cu rv es fi

Fig. 2.5. Comparison o f  Lorentzian, Gaussian and mixed Lorentzian and Gaussian distributions. Red line is the raw 
data, blue is the fitted distribution curve. Note the difference in the width o f  the tails between Lorentzian 
and Gaussian curves. The mixed curve represents an excellent fit to the data.
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Resolution and Signal to noise ratio

A high spectral resolution is usually a key requirement of a research Raman instrument. The 

ability to distinguish between two very closely spaced peaks with certainty is largely a function 

of the spectrometer. The distinction of a peak into two components may have vital bearing on the 

interpretation of a sample. For example, the first order triply degenerate single phonon mode of 

diamond splits upon the application of a uniaxial stress field into two peaks. The response is 

linear and so the stress field may be calculated on the degree of splitting. Instrument 

manufacturers are fond of quoting a low value and it is often a test of an instrument’s 

performance. There appears to be no single test of resolution that manufacturers and those that 

use Raman spectroscopy agree on. Commonly, tetrachloromethane is used because isotopic 

differences between the Cl atoms create three very closely spaced peaks in the Raman spectrum. 

Occasionally, the FWHM of the very sharp Ne emission bands are used to define the resolution 

of the spectrometer.

Random noise caused by spurious electrical signals can be introduced from the source and the 

detector. Modem CCD cameras are thermoelectrically cooled to virtually eliminate dark current. 

Experimentally, long acquisition times or multiple spectra are co-added by software to reduce 

noise effects since the Raman peaks are non-random features. Ideally, the ratio of the maximum 

peak height to the height of the noise fluctuations should be at least 3 or 4 to 1 for reliable peak 

determination. Raman spectra of excellent signal to noise ratio might have values two orders of 

magnitude better than this.

2.4 -  Fluorescence

Other than the inherent weakness of the effect, the principle problem associated with analysis by 

Raman spectroscopy is fluorescence. Occasionally, an intense climbing signal completely 

swamps the Raman peaks. Visible wavelength excitation of dark or strongly coloured samples, 

can be problematic with excessive fluorescence. Many minerals rich in iron also fluoresce very 

strongly. Fluorescence arises from the coincidence of the excitation energy with an electronic 

transition of the sample. Logically, the most effective way of avoiding the problem is to select an 

alternative excitation wavelength. An example of selecting alternative excitation is demonstrated
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in Figure 2.6 in the analysis of a rough emerald crystal.
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Fig. 2.6. Effect o f  using alternative excitation wavelength.

Clearly, despite the modest fluorescence signal, the choice of visible excitation at 514 nm in the 

analysis of this sample yields far greater information than the near-IR excitation (785 nm). With 

the latter, the strongest band in the emerald spectrum is barely resolved above the fluorescence. 

The laser wavelengths that are more commonly encountered and that can be readily supplied are 

listed in Table 2.2. It should be borne in mind that since the efficiency of the Raman scattering is 

far greater towards the ‘blue’ end of the spectrum, i.e. visible to UV wavelengths, the potential 

for fluorescence is greater. At the ‘red’ end, the fluorescence is less likely but the Raman 

scattering efficiency is less. In many cases, a compromise between strong Raman signal and 

acceptable fluorescence is sought.

Tuneable lasers are also available for specific applications. However, it is uncommon for Raman 

instruments to be supplied with more than two lasers, indeed the majority probably are only 

equipped with one. Additionally, there are other practical and experimental problems associated 

with some analysis by UV or near-IR lasers.

Other practical solutions to the fluorescence problem exist. The effect is often much weaker in 

the anti-Stokes region of the Raman spectrum of a sample, although the peak intensities are very

Emerald crystal analysis 
785 nm \ V

V

514 nm

2 5



2 -  Basic theory

greatly reduced. Time-gated detectors can also be used to reduce the effect of fluorescence. The 

Raman response is generated some 10’12 seconds after photon interaction whilst the fluorescent
o

transition may take 10’ seconds to occur before the energy is re-emitted. This time difference 

has been exploited in some studies. However, it requires extremely complex instrumentation and 

cannot be considered to be routine.

Photo-bleaching or photo-quenching methods are also employed. By allowing the laser to 

irradiate the sample for some extended period before the Raman signal is recorded has been 

observed in many instances to have a beneficial effect (for example Rodgers, 1993). Although 

poorly understood, Black (1997) describes two alternative processes to explain photo-quenching: 

the driving off of fluorescent materials or localized recrystallisation and subsequent elimination 

of crystal defects.

Wavelength (X ) l  nm Region of the spectrum/colour Laser type

244 UV Frequency doubled Ar+ 
gas (488 nm line)

257 UV Frequency doubled Ar+ 
gas (514 nm line)

325 UV HeCd mixed gas

442 UV-deep visible HeCd mixed gas

457 Visible/blue Ar+ gas

488 Visible/blue-green Ar+ gas

514 Visible/green Ar+ gas

532 Visible/green Frequency doubled 
NdYAG (1064 nm) or 
solid state

633 Visible/red HeNe mixed gas

785 Near-IR/red Diode

830 Near-IR Diode

Table 2.2. The most common excitation wavelengths used in Raman spectroscopy. Many more are available and 
tunable lasers can provide any wavelength.
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Photo-bleaching should be used with caution. The very high power densities of some lasers can 

cause local damage of a sample or the conversion of one compound into another. At the very 

least, sample heating may have the effect of broadening the peaks. In reality the low power lasers 

routinely used very rarely damage mineral samples. Typically, the power at the sample may only 

approach 5 mW over a ‘spot’ of 1 to 2 micrometer diameter. Fourier-Transform Raman and 

Infrared spectroscopic methods have the advantage that fluorescence is not encountered. Also, 

they have no requirement for external calibration sources and the low laser powers used do not 

lead to thermal decomposition of the sample (McMillan et al 1988).

Theoretically, it should also be possible to record a spectrum from a known highly fluorescent (at 

the same excitation) species and subtract this from the Raman plus fluorescence signal from the 

sample of interest. To the author’s knowledge, this is not a common method.

2.5 -  Polarisation studies

The positions and relative intensities of bands in a Raman spectrum may be all that is required of 

the analysis of a material but much use can be made of the depolarisation ratios for the 

elucidation of molecular structure. There have been many polarisation studies of minerals, for 

example, those with the rutile-type structure (e.g. Farmer, 1974). Lasers are sources of plane 

polarised light and have an electric vector and a magnetic vector, oriented mutually 

perpendicular to one another and the direction of propagation. If the ratio of the height of a band 

recorded with a polarising sheet parallel to the polarisation direction of the laser to that with the 

sheet perpendicular to the laser polarisation tends towards zero, then that band is said to be 

polarised. Depolarised bands have ratios of around 0.75. Generally, totally symmetric modes are 

polarised and non-symmetric modes are depolarised.

The Renishaw RM instruments can be used to measure depolarisation ratios. A polarising sheet 

within the instrument is rotated into the beam path, immediately before the entrance to the 

spectrometer. The perpendicular component of the Raman scattering is measured by inserting a 

A/2 accessory before the polariser to rotate the scattered signal by 90°.

McMillan & Hoffmeister (In: Hawthorne, 1988) note that accurate single crystal polarisation
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studies require that the crystal be properly oriented. Failure to do so results in incorrect mode 

symmetries. Small errors in crystal orientation can lead to leakage of strong modes of one 

symmetry that may then appear weakly in the spectrum of another orientation. Polished 

entrance/exit faces of crystal are required and cracks and inclusions must be avoided to reduce 

excess parasite scattering of the laser beam. Importantly, McMillan & Hoffmeister point out that 

the polarizing effects of the gratings must be taken into account.
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3 -  Instrumentation and operation
This section aims to introduce the reader to the Raman microprobe used, in various 

configurations, throughout this work. Explanation of the layout of components as well as an 

understanding of the sampling considerations and some of the post-processing issues are 

provided so that the uses and limitations of the technique are placed in context.

3.1 -  Introduction

Raman spectroscopic instruments referred to in the literature are variously termed Raman 

Microprobe (RMP), MicroRaman and Raman Microscopes. The terms are, however, 

synonymous. The instruments used throughout this project are the Renishaw RM 1000 and 

2000 models of research grade instruments. A reproduction of a photograph of the RM 

instrument appears in Figure 3.1. Both models consist of a spectrometer (mechanical slit, 

dispersion grating and detector) coupled to a Leica DM/LM microscope with trinocular heads 

and video camera to view the sample. Both instruments perform the basic function of Raman 

spectral analysis and as such share many of the basic components. It will be explained that 

component specifications are dependent largely on the laser used (excitation source). 

Excitation wavelength was sample-dependent and was either by the 514 nm or 633 nm lines 

of air-cooled Ar ion or HeNe gas lasers, respectively, or 785 nm solid state source. The 

Renishaw proprietary software, WiRE , is used to control the instrument. The Galactic 

Industries GRAMS/32® software package is used for much of the data handling and 

manipulation. The IR Search software package is used for database searching.

The layout of the RM instrument is best described by following the beam path. An excellent 

description of the design of modem Raman spectrometers is given by Baldwin et al (2001).

3.2 -  Spectral acquisition mode

With reference to Figure 3.1 the beam path traced in spectral mode utilises the components 

coloured blue. The polarised laser beam enters the main body at the lower rear right corner. 

Two adjustable angled mirrors are used to direct the beam. A set of neutral density (ND) 

filters, software-controlled on newer instruments, allow the incident energy to be supplied at 

100%, 50%, 25%, 10% or 1% of the laser’s output intensity. The collimated beam is directed 

by means of a fixed mirror into the beam expander, where fitted, which is a device that 

consists of a pair of objective lenses that are used to control the degree of focus of the beam
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i.e. the spot size and also improves the beam profile. The second lens is motor-linked and 

driven by the software. This allows the accurate setting of the beam expander position such 

that the laser is mutually in focus on the sample with the view down the microscope. For 

instruments equipped with lasers with many emission lines, for example the Ar ion ‘gas’ 

laser, the next component in the path is the plasma line rejection filter. This filter has a very 

narrow bandpass and is specific to the excitation wavelength. Figure 3.2 indicates the removal 

of this component. Although the original intensity may be reduced by around 50% through 

this filter it ensures that only the wavelength of interest is supplied.

REMSHAW

Imaging filters

RM 2000
Holographic Dispersion
notch filters ^grating

CCD detector

Beam expander

Fig. 3.1. Schematic diagram and photo image o f Renishaw RM 2000 Raman microscope with inserted images o f 
some o f the optical components.

The beam-steering mirror in the lower left corner deflects the beam upwards and onto another

reflecting component. It is possible to produce a very narrow line on the sample rather than a

spot by the insertion of a hemispherical lens at this stage in the Renishaw instrument. Fixing

holes provide easy mounting of the ‘line focus attachment’. In either case, the beam is

reflected into the microscope and down through the ocular column and whichever objective is

selected from the nosepiece. Typically, a 50x objective with an NA of 0.75 (defined as the

sine of the collection angle of the objective lens multiplied by the RI of the medium. NA can

be simply thought of as the ‘light collecting ability’ of the objective; generally speaking for
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dry objectives, values closer to 1 are most effective) produces a spot with a diameter around 

one micrometer is used for spectral analysis. It is important that the 6 mm back aperture of the 

objective is filled to create a diffraction-limited laser spot on the sample. The beam expander 

is adjusted to achieve this. Failure to ensure efficient filling would result in poor excitation of 

the sample and a weak Raman response. The sample can be viewed conventionally through 

the microscope eyepieces or via the computer monitor. An example of a sample viewed 

through the camera attached to the trinocular head can be seen in Figure 3.3.

Fig. 3.2. Removal o f the PLRF.

Ideally, the system would be mutually focused in white light and with the laser beam. In 

practice, this is usually only achievable using visible excitation since it requires that the spot 

can be observed on the monitor. The Renishaw instrument utilises 180° scattering geometry, 

whereby the scattered signal is collected by the same objective that delivers the incident 

energy to the sample. Other Raman microspectroscopic instruments utilise 90° or 135° 

scattering geometry. Since Raman scattered light is emitted from the sample in all directions 

(e.g. Whiffen, D.H. 1966) the collection geometry is usually influenced by design 

considerations. Many studies of oriented crystals have made use of 90° scattering geometry.

Incident and scattered light passes between instrument and microscope by means of a 45° 

beam-splitter mirror that is rotated into the light path by means of a switching system located 

just below the nosepiece of the Leica DM/LM microscope. Figure 3.4 indicates the position of 

the switching mechanism.
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Fig. 3.3. An example o f the computer monitor image recorded by the microscope camera.

This allows the effective toggling between the laser and white light (either incident or 

transmitted). The scattered signal passes up the ocular column and into the connecting tube. It 

then re-encounters the reflecting surface. For light of the excitation wavelength this 

component acts as a mirror and, ideally, all other wavelengths are transmitted. Commonly in 

visible excitation instruments this component and the next in the scattered light path are 

‘holographic notch filters’, HNF (although other methods can be employed). Their roles are to 

reject all the intense Raleigh scattered energy (i.e. with the same wavelength as the laser) as 

efficiently as possible. Briefly, the filter material consists of a sandwich of gelatinous 

polymers that has a hologram imprinted in it of a sine wave. The particular waveform used is 

very effective in interfering with the Raleigh signal and reducing it. The notch filters are 

wavelength calibrated and mounted in matched pairs. The second filter is required to further 

reduce the intensity of the Raleigh energy. Both are adjustable, aiding alignment, optimising 

the signal to noise ratio and how ‘close’ the Raman-shifted signal can be detected relative to 

the incident energy, the exciting or ‘laser’ line. For many materials Raman peaks may be 

located at a shift of only a few wavenumbers so the angular adjustment of the second filter 

can be crucial.

32



Matthew J. Bloomfield Applications o f Raman spectroscopy

Fig. 3.4. Position o f the switching mechanism below  
trinocular head.

The type and age of the filter, beam alignment and operator skill combine to determine this 

‘cut-off’ value. In practice the minimum shift from the laser wavelength that can be 

realistically observed is around 100 cm'1 (refer to Section 2.3 and Figure 2.3). Although the 

rejection filters are effective in reducing the intensity of the Raleigh signal they contribute 

significantly to the overall reduction in intensity of the Raman signal. In addition to notch 

filters, Renishaw also supply ‘Super Notch Filters’ that enable signal with Raman shifts from 

around 50 cm '1 to be detected. ‘Edge’ filters have the property of removing all scattered 

radiation, including the anti-Stokes scattered signal, below a certain frequency. This value is 

usually around a Raman shift of 200 cm'1 but maybe 400 cm'1 using UV excitation. Obviously 

this includes all the intense Rayleigh scattering. Although no spectral information can be 

recorded from the lower Raman shifts, edge filters can prove useful at much larger shifts since 

the filter material used contributes less fluorescence. Holographic notch filters are 

considerably more expensive than edge filters and are also susceptible to degradation caused 

by humidity. Edge filters are not affected by atmospheric moisture. Visible excitation 

instruments can be supplied with filters made of fused silica. These are formulated to absorb 

energy of the specific wavelength. They have the advantage of fluorescing less than notch 

filters and are not associated with ‘ripple’ effects observed with edge filters. Unfortunately, 

the great cost of this filter material precludes it for many users.
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Additional 
notch filter

Optical
accessories

Fig. 3.5. Motorised kinematically mounted filters on rotary mount. A small circular mirror reflects the laser 
beam onto the first filter component from where it is reflected into the connecting tube.

During the course of this study some modification of the components occurred with 

technological developments by Renishaw. New and upgraded instruments used were fitted 

with rotary-mounted, fully motor-controlled filter units and are shown in Figure 3.5. These 

units replace the ‘plug and play’ filter units seen in the schematic in Figure 3.1. and there is a 

slight modification to the beam path, indicated in Figure 3.5. The rotary mount enables up to 

four kinematically-mounted filter units to be fitted (two are shown in Figure 3.5), expanding 

the potential for other lasers to be fitted and simplifying the switching between wavelengths. 

Any of the filter units can be selected from the software interface and the motor referencing 

ensures that each unit delivers a highly repeatable parfocal and parcentric spot to the sample.

For the RM series of Raman microprobes light throughput values are quoted at ‘greater than 

30%’ (Renishaw technical literature) and this was determined to be accurate by measurement. 

This compares very favourably with the older single or double (or triple) monochromator 

instruments (briefly discussed later) offering much greater transmission (Wolverson In: 

Andrews and Demidov, 1995).

Mirror

Laser

Microscope

Notch filter
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The filtered, Raman-only, signal is focussed by a lens onto the mechanical slit. The location 

of the slit is indicated in Figure 3.6. Ensuring that the light is focussed increases the signal 

quality. The slit consists of two parallel-edged plates that can be brought together by means of 

a vernier with an accuracy of less than micrometer. Newer Renishaw instruments are fitted 

with a slit vernier calibrated in ten micrometer units, not one micrometer as in older 

instruments. Accuracy can then only be stated at five micrometers. For spectral analysis the 

slit is typically set at between 15 micrometers and 50 micrometers. A wide slit increases 

signal strength but at the expense of background noise and spectral resolution. Confocal work 

(discussed later) requires the slit to be set with an opening width of only a few micrometers.

Fig. 3.6. Location o f  the mechanical slit within the instrument.

The ‘spectral’ beam is then directed through another lens and onto the triangular mirror where 

it is reflected onto the motor-controlled dispersion grating. A choice of gratings is available. 

Typically these have 1200 or 1800 grooves per mm for visible excitation. For high-resolution 

studies gratings with greater groove densities can be fitted, for example a system with visible 

excitation may have a 2400 groove per mm grating fitted. Kinematically-mounted gratings are 

available as an option and changed manually or a motorised double-sided grating can be opted
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for. Figure 3.7 displays a double-sided dispersion grating mount with an 1800 groove mm'1

For a given excitation wavelength the greater number of 

grooves per unit permits greater spectral resolution but at 

the expense of spectral range and efficiency. From the 

grating the dispersed Raman signal is passed from the 

triangular mirror and focused by a lens onto the detector. 

The three lenses in the spectrometer are optimised for the 

excitation wavelength: either UV, visible or near IR. 

Typically each is kinematically-mounted, greatly 

facilitating their removal and replacement should another 

excitation be selected. Figure 3.8 demonstrates the easy removal of these optical components. 

A unique function of the Renishaw instrument is the patented Continuous Extended (CE) 

spectral scan, or latterly, ‘SynchroScan’. This facility overcomes the spectrometer’s inherent 

limited spectral ‘window’ when the gating is held in one position. This is a product of the 

wavelength of excitation and high dispersion gratings (Dyer et al, 1995). The user defines the 

spectral range in the experiment set-up (discussed later). For example, during a ‘static’ scan

Fig. 3.8. Kinematic lenses: the lens-before-the-slit, pre-grating lens, pre-camera lens.

using 514 nm excitation and a grating with a groove density of 1800 grooves mm'1 the 

spectral range covered is around 600 wavenumbers about a central wavenumber. CE scans 

solve the problem by synchronising the rotation of the dispersion grating with the movement 

of charge across the detector. This allows spectral ranges covering the entire frequency 

response of the detector, several thousand wavenumbers, to be covered in a single acquisition. 

Other manufacturers achieve this by the so-called ‘step and stitch’ method. A spectrum is 

recorded in the static grating mode, the grating then ‘steps’ to a new position such that its new 

range has a minimum wavenumber equal to the maximum value of the first position range. 

Spectra are then ‘stitched’ together by the computer software. The effects of vignetting cause

and 2400 groove mm' fitted.

Fig. 3.7. Software-controlled double
sided grating.
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errors to be introduced, particularly if the spectra exhibit marked fluorescence. Lens effects 

cause the intensity to be significantly reduced at either extreme of the static spectrum. Very 

high NA lenses are difficult to correct for, although the effect is rarely a problem in the RM 

series since the lenses are much thinner (I. Haywood, pers. comm.). Anomalous spikes or 

sharp troughs in the spectrum mark the errors (T. Smith, pers. comm.). The step and stitch 

method is an option on the Renishaw RM and RA (discussed only in section 14) series 

instruments. The method is of use because using the CE method the sample must be exposed 

for a minimum of ten seconds. For thermally sensitive samples this may induce damage. Step 

and stitch allows exposure times of fractions of seconds whilst still acquiring full spectral 

coverage.

CCD detector

The Renishaw family of Raman instruments use multi-channel Charge Coupled Device 

(CCD) detectors. The CCD detector is now commonly used to record spectroscopic data. It 

replaces the single-channel photomultiplier tube and multi-channel diode array detectors. 

Amongst the advantages of this type of detector are that it is far more efficient, stable and 

faster than older single channel detectors. CCD camera detectors have been used for some 

time in astronomy due to their sensitivity; the ability to record almost every photon that 

strikes. They possess a linear response over the spectral range they cover, have a good 

spectral range and greater resolution and quantum efficiency (QE) (Gardiner et al, 1989) than 

the photomultiplier and photocathode detectors they replaced. The QE is a measure of the 

detector’s performance and is the ratio of the intensity of the signal to the number of photons 

received by the detector. Specialised CCD chip detectors have QE values approaching 70% 

(Williams et al, 1994). This compares with QE values of <20% for photocathode detectors. 

The largest problems faced by CCD chips are dark current and noise. Dark current is the 

signal that is generated in the absence of light by thermally excited electrons. This thermionic 

current is reduced by electronically (Peltier) cooling the chip to -70°C, resulting in very low 

dark current levels of typically <0.01 e '1 pixel'1 s 1 (Williams et al, 1994a). Electrically 

cooling the detector removes the need for expensive liquid coolant. CCD chips are inherently 

low-noise devices. The detector itself is a two-dimensional Si array of 400 x 600 pixels, each 

pixel measures 22 micrometer x 22 micrometer. For spectral applications typically a central 

vertical strip of 20 by 576 pixels is used to read the signal. The last 24 pixels (600-576) in the 

strip are used as the output register. The long axis, therefore, is used to record the spectral 

dimension and the short axis the image height (intensity or spatial dimension) (Williams al,
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1994a). This chip area depends upon the sample and type of study. The active portion of the 

detector is adjusted from the ‘Experiment Set-up’ window.

Methods to improve the signal at the detector include ‘binning’ and cosmic ray removal,

CRR. Selecting the binning option via the software allows the addition of up to four 

consecutive readout values to provide a single data point. The signal to noise is improved, 

since noise is random, and the size of the dataset reduced, but at the expense of spectral 

resolution (Dyer et al, 1995). The nature of the CCD chip renders it very susceptible to 

Cosmic Ray Events, CRE’s, particularly during long experiment exposures. CRE’s are easily 

spotted in the spectrum. They are very intense compared to the Raman peaks and have very 

narrow half-width values, maybe only a few wavenumbers. The facility exists to remove these 

effects automatically using the software. Essentially, the scan is repeated three times and the 

spectra compared. If the software recognises any peaks that are present in only the first of the 

spectra it is removed. However, the process more than triples the total exposure time. If the 

experiment acquisition time was relatively short then the spectrum can be re-run. 

Alternatively, if the acquisition was long then the peak can be removed manually.

Spectral analysis experimental set-up

With the area of the sample selected and the laser spot focussed the experimental parameters 

can be set. Fig. 3.9 shows the set-up screen. The wavenumber range selected depends upon 

the sample and whether the CE or static scans are to be employed. An unknown mineral 

sample would usually be analysed initially using a range between 100 cm '1 and 2000 cm"1.
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Fig. 3.9. Experiment parameters set-up ‘window’. Type o f experiment, exposure time, laser power and 
wavenumber range may all be controlled.

Generally mineralogical samples contain no useful spectral information beyond these values 

and this range conforms well to the majority of the mineral spectra cited in the literature. A
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static scan may provide the required information with the advantage that exposure times may 

be set at very short values (as low as 0.01 s for some species). Samples that are weak Raman 

scatterers may have their signals improved by increasing the exposure time. To illustrate, the 

Raman spectrum for diamond can be acquired in 0.5 s but the Raman spectrum of feldspar 

may require acquisition times of 30 s. However, long exposures increase the risk of Cosmic 

Ray Events (CRE’s). Signals can be improved and noise reduced by accumulating spectra. 

Repeated, short exposure-time experiments also help to decrease the risk of CRE’s. The 

number of identical repeat experiments can be set. The noisier the spectrum, the more 

accumulations are run and co-added, as explained in section 3.3. Since noise is a random 

event, by co-adding new spectra the signal to noise ratio (SNR also S/N ratio) is improved by 

the square root of the number of accumulations.

The required laser power can be selected from a drop-down menu in the experiment set-up 

window. Defocusing the laser spot can also reduce laser power density at the sample. The 

beam expander can be set, via drop-down menu, to defocus the spot by up to 100%. For 

routine spectral analysis a fully-focussed spot is used. A defocused spot or line focus 

attachment may be used to analyse thermally-sensitive samples since the power density of the 

laser is reduced. The choice is presented and selected from a menu. Once the parameters are 

set the experiment is set to proceed by clicking the ‘get’ button on the software interface. The 

recorded spectrum can then be saved to the computer, printed, manipulated or re-run with 

modifications to the set-up to optimise the signal.

Mapping experiments

By means of an automated stage (discussed later) it is possible to construct spectral ‘maps’ of 

many samples. Simply, spectral analysis is carried out at defined intervals over an area 

defined by the user. The data for each point are stored and can be manipulated to show spatial 

distributions of particular spectral features.

Under the ‘Collect’ menu is the option to set up a variety of mapping experiments. From the 

CCTV white-light image displayed on the monitor an area (or line) of the sample is selected 

by dragging a ‘box’ (or line) using the computer’s mouse. The area is limited by the objective 

used and the maximum travel of the automated stage. It is then possible to define the array of 

analysis points recorded. This may be random or, more commonly, a regular distribution. The

39



3 -  Instrumentation and operation

distance between points (in x and y directions) controls the spatial resolution of the analysis. 

Step sizes of 0.1 micrometer are possible. Since the spot size is around 1 micrometer this 

value is usually selected as the step size interval. The need for greater resolution must be 

weighed against the increased analysis time. Each point is analysed using the parameters set 

in the experiment set-up ‘window’ before the sample is moved automatically to the next 

position. The acquisition parameters must be exactly the same for each point. Other options 

included a user-defined ‘dwell’ time. This function is used where photobleaching creates 

better quality data, for example. If a motorised z-drive is fitted it is possible to autofocus on 

the sample or to perform ‘depth maps’. Although available for simple single point analysis the 

advantage for mapping surfaces with an uneven topography is clear. Autofocusing can be 

achieved either through the computer analysing the quality of the spot, i.e. the brightness, or 

by recording a Raman spectrum. In each case the stage height is moved incrementally through 

a defined range before assessment until the best position is achieved.

Upon completion of the mapping experiment the data is stored as a ‘multifile’. This computer 

file contains the spectra for all the analysis points. These data can then be interrogated and 

manipulated collectively and a range of maps created displaying characteristics such as the 

intensity or width of a particular peak in a spatial context. The technique is powerful, if 

somewhat slow, and very detailed maps (experiments with thousands of analysis points are 

not unusual, e.g. Nasdala et al, 2001) with spatial resolutions as high as 1 micrometer can be 

created. There are several ways in which Raman mapping data may be used and presented. 

One of these is shown in Figure 3.10. The greyscale image in the upper left corner represents 

the intensity of the 520 cm '1 band of silicon over the mapped area of a computer Si chip with 

the letter ‘B’ etched into it. The dimensions are also indicated. The lower left comer displays 

the Raman spectrum recorded for any point on the map that is ‘clicked’ on using the mouse.

40



Matthew J. Bloomfield Applications o f Raman spectroscopy

C Vgr*m»nVJ*«Wm MAP

mmm
0«U ((IficM  along the Y aais at **23 1906

-408 7367 11013666

D«t* «»«K1*4 along the X am  at Y--27 0876

8000

3000
33 •13 S •3 3

10000

C VgramaMdma'at-m SPOH

70X3

o

3000

600

Raman Sta* (cttv!)

«*«*«•>mauaatafltaton flrwh

Fig. 3.10. Screen-grab o f the results o f  Raman area mapping o f  an etched Si chip.

3.3 - Imaging Mode
In global Raman imaging mode a much larger area of interest on the sample is selected than 

in spectral mode. The selected region, up to around 100 micrometers in diameter depending 

on the objective, is illuminated with a defocused spot. Instead of the Raman spectrum being 

recorded the aim is to acquire a two dimensional spatial representation of the distribution of a 

particular species within the sample. For example, selecting to filter out all other information 

except that of a characteristic peak of clinopyroxene could image the distribution of exsolved 

clinopyroxene within orthopyroxene. Figure 3.11 shows an example of Raman imaging data 

recorded by the author. The selected Raman band belongs to pyrite and the image reflects the 

mineral’s distribution (bright areas) within the quartz host. Images are saved to the computer 

and can be recalled independently of the experiment.
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Fig. 3.11. Example of Raman global imaging results. Bright areas represent the spatial distribution o f the species 
whose characteristic Raman peak was passed by the filters.

The beam path for imaging experiments follows the components coloured pink in figure 3.1. 

The scattered radiation passes through the HNF’s as in the spectral mode to remove the 

Rayleigh scattering. Two 45° mirrors direct the signal through the image filter wheel bottom 

left image of figure 3.1). This disc is controlled by a motor and can spin on its central axis so 

that any of the nine filters can be selected. The range of filters used is tuneable over the range 

514 nm to over 900 nm with a bandpass (spectral resolution) of 20 cm'1 (Williams et al, 

1994a). Another motor controls the narrow range of tilt angle the disc can be moved through 

on an axis perpendicular to the direction of beam propagation through the filter. This 

effectively controls the path length of the signal and thereby the cut-off wavelengths. The 

filtered Raman signal is then passed via two more mirrors then imaged onto the detector by a 

focusing lens.

Imaging analysis experimental set-up

Filter Image analysis is selected from the menu of options. This enables the motors that 

position the 45° mirrors so the beam travels in the imaging compartment of the instrument. It 

also optimises the detector settings. The wavelength of the characteristic feature, expressed in
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wavenumbers, is selected. This automatically positions the correct filter (see fig. 3.1 Imaging 

filters) component at the correct angle. The wavenumber of the feature is determined in a 

separate, filter spectrum, experiment. The filters are used to record the sample’s Raman 

spectrum instead of the grating. Running the filter spectrum ensures that the filter setting is 

correct for the image experiment. Calibration methods differ for Raman imaging and Raman 

spectrum acquisition and it is possible that the frequency of a Raman band recorded via the 

two methods may differ. From the filter Raman spectrum the characteristic peak is ‘curve- 

fitted’ to find its centre and this value is used in the image experiment. The power density of 

the defocused spot is very much lower than in spectral analysis. For this reason the exposure 

times are often of the order of minutes rather than seconds. However, this strongly depends 

upon the sample’s scattering potential, the NA of the objective and the desired spatial 

resolution. Care should be taken to reduce as far as possible background radiation, usually in 

the form of ambient lights and computer monitors. In general, the longer the exposure, the 

greater resolution of the image. However, caution should be taken to avoid saturating the 

detector. The image experiment is recorded as a spectrum but interpreted by the image 

analysis software to produce a two dimensional image with bright areas corresponding to the 

intensity of the selected characteristic Raman feature.

Flat-fielding

The defocused laser spot can be shown to have a Gaussian profile, that is, a bell-shaped 

intensity. It is clear that increased excitation will occur towards the centre of the illuminated 

region. This may result in misleading Raman images unless corrected. The procedure for 

correcting the image computer files is termed flat-fielding. Before the image experiment of 

the sample is carried out an image is recorded in exactly the same way of a flat wafer of 

silicon, typically. The uniform image intensity file is stored and used in the flat-field 

calculation by the computer. The resulting file is an image corrected for uneven illumination.

3.4 -  Confocal arrangement

It is possible to acquire the Raman spectrum in many cases from below the surface of the 

sample, i.e. the system can be enhanced in terms of its depth resolution. It can be shown that 

the lateral spatial resolution of the system is around half the diameter of the laser spot, i.e. ~1 

micrometer, depending on the objective used. To reduce the signal received from scattering 

from the region outside the focus of the laser spot the Renishaw instrument employs two
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spatial filters. The primary aperture is the mechanical slit and the second is the arrangement of 

the CCD detector. For confocal work the slit may be closed to 10 micrometers or less. Since 

the spectrograph is of on-axis design and with no astigmatism (Williams et al 1994a) the 

spatial dimension of the array can be reduced, typically to around 4 pixels in height, via the 

software such that the out-of-focus signal is discriminated against. This method is comparable 

with the ‘pinhole’ arrangement used by other manufacturers. Williams et al (1994b) discuss 

the two methods using a comparable experiment and describe the CCD plus mechanical slit 

confocal arrangement in more detail. They conclude that the slit and ‘virtual slit’ detector 

method provides a better depth resolution and light throughput, is less time consuming and 

more convenient than the pinhole arrangement. Depending on the sample the discrete 

sampling volume can be up to several mm below the surface. It has been widely used in the 

analysis of thin films, polymers and also fluid inclusions.

3.5 -  Sampling

In contrast with many analytical techniques microRaman spectroscopy requires virtually no 

sample preparation, no matter what form the sample is in. Preferably, surfaces are flat and 

free of impurities. The microscope can operate in either transmitted or reflected light so most 

petrological and mineralogical samples are easily dealt with. Figure 3.12 illustrates how a thin 

section slide may be positioned beneath the microscope objective. The sample stage is either 

of the manual mechanical, metallurgical, type with adjustment wheels for the x and y 

directions or a motorised version equipped with encoders for accurate movement. The 

motorised version, often called the mapping stage, has much greater precision with a 

repeatability of ±5 micrometers and is required for mapping experiments. A motor may also 

be used to control the z direction allowing depth profiling (in confocal arrangement) and the 

use of the autofocus facility.
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Several sample cells are 

available and can be 

attached to the Renishaw 

instrument. A 

heating/freezing stage 

manufactured by Linkam 

can be attached allowing 

samples to be analysed 

between liquid nitrogen 

temperatures and several 

hundred degrees C. There 

are many studies that successfully use high-pressure cells. Most commonly this is the 

diamond anvil cell (DAC). The very small sample is held between the points of two diamond 

crystals and pressure applied. The laser spot is focussed ‘through’ the cell and diamond to 

excite the sample. Calibration of the pressure attained is calculated by the Raman shift of a 

ruby crystal, a material that has a well-characterised response to increased hydrostatic 

pressure.

For samples too large to be mounted on the microscope’s sample stage a ‘macro kit’ is 

available. An attachment screws into the nosepiece that deflects the light at 90° to the axis of 

the microscope. Objectives, usually with large working-distances, are screwed into the 

attachment and the large sample can be moved into focus. Alternatively, a fibre-optic can be 

attached. One end of the fibre-optic is held in a plate that attaches to the sample stage. The 

laser is then focussed in the usual way on the end of the fibre. Excitation and Raman radiation 

is carried along the fibre-optic efficiently up to many metres thus allowing points on very 

large objects to be studied.

Fig. 3.12. Loading a slide on the mapping stage beneath the objective.
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3 .6 -  Calibration

Raman spectrometers are all calibrated in much the same way and each instrument can be 

calibrated to different degrees. All methods are based on the fact that many substances have 

characteristic Raman peaks of very low full-width half maximum (FWHM) values. The 

spectrometer is calibrated depending on the laser excitation wavelength(s) used across the 

spectral range to 1080 nm. Simply, calibration involves recording the emission lines from a 

small Ne source and comparing the positions, as determined by automatically curve-fitting the 

spectrum, to the 45 or so reference peaks that occur in that region of the spectrum. A value for 

the residual error, expressed in terms of wavenumber, is determined upon completion. This 

type of full calibration is rarely required. A more routine calibration involves analysing the 

Raman shift from a flat Si wafer or diamond. Each has a very intense single characteristic 

peak. Again, curve-fitting calculations are performed to precisely determine the centre and 

minor adjustments to the positions of the grating can be performed through the software. 

Grating calibration of this sort is fast and routine and can be performed between samples or 

following the adjustment or replacement of any other component in the system, for example.

It can also be used to determine whether any corrections need to be made due to thermal drift.

In addition to spectral calibration the response of the detector to the signal intensity (y axis) 

can also be calibrated. Any errors caused by filter ripple, an approximately sinusoidal pattern 

superimposed on the spectrum but rarely observed in the general collection of spectra, as well 

as vignetting can be corrected for and it also permits the responses of different systems to be 

compared (Smith, T. pers. comm.). A source of white light of known intensity is used for this 

type of calibration.

Referencing the positions of all the motors used in the instrument can provide an additional 

method of maintaining precision. This process is automatically carried out when the 

instrument control software is initiated. The ‘Raman.ini’ computer file is unique to each 

Renishaw Raman instrument and contains vital information about its set-up. The file is 

updated automatically. The data it contains is used by the computer to instruct the instrument 

on the reference positions of each motorised component, i.e. the beam expander, grating and 

image filter wheel and rotary-mounted filters if applicable.
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3 .7 -  Optimisation

While the recording of Raman spectra is a largely trivial matter there are some methods that 

can be employed to optimise the signal. For example, in many cases the selection of an 

alternative excitation wavelength may produce a spectrum with reduced fluorescence. 

Experimentation with the power density at the sample, acquisition times and accumulations 

can often yield spectra of higher quality. Great care taken with the choice of objective and 

accuracy in focussing the laser can usually increase the signal strength. In many cases only a 

small portion of the Raman spectra may be required and better results may be achieved if this 

region is concentrated upon. Many of these adjustments are based on user experience, 

knowledge of the Raman response of the sample and a clear idea of what is required of the 

analysis.

3.8 -  Data manipulation
®The GRAMS software package supplied with the Renishaw RM instruments provides a very 

powerful means of spectral data manipulation. It is used by other manufacturers of 

spectroscopic equipment, not just Raman instruments. Its most basic function is to interpret 

the information from the detector and produce a spectrum on the computer monitor. It is 

useful to mention here some of the more common data manipulation functions.

Baseline correction

Figure 2.6 displays the Raman spectrum of emerald recorded by the author using 514 nm 

excitation. The spectrum is seen to be imposed a gently climbing fluorescence background. In 

this example the background does not mask the Raman bands, as it does with the longer, 785 

nm excitation, also shown in figure 2.6. It is possible to artificially remove the background 

using the software. Several options are available, including ‘Auto’ and various mathematical 

algorithms such as polynomial and quadratic functions. In practice, good results can be 

obtained using the Auto option or by manually inserting the shape of the background to be 

removed. An example of a manual ‘multi point’ baseline correction applied to the 514 nm 

emerald Raman spectrum of figure 2.6 is displayed in figure 3.13. In the case of the emerald 

spectrum, a baseline correction is probably not required. Manual corrections should be 

applied with great caution since it is easy to inadvertently add spurious peaks, alter the 

relative ratios of real bands or to remove bands.
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Fig. 3.13. Manual multi point baseline correction of emerald Raman spectrum recorded using 514 nm excitation.

Smoothing

The signal to noise ratio has already been discussed. It is possible to artificially improve the 

ratio by applying various algorithms and functions. The GRAMS® software allows the user to 

use either a Fourier, Binomial or Savitsky-Golay method. The author favours the latter since it 

appears to offer a reduction in the mean noise signal without the loss of spectral resolution 

(i.e. band broadening) observed with the two other methods. Ideally, noise would be reduced 

by re-running the experiment using either increased incident energy, longer acquisition times 

or greater accumulations or a combination of all these.

Curve-fitting

Because the RM instrument employs a CCD detector with only 600 pixels (effectively 576) in 

the spectral axis, there are relatively few data points that define the bands. Other 

manufacturers may have close to twice the number of pixels. To accurately determine the 

position, shape, FWHM, intensity and area of a band, users of Renishaw instruments use a 

curve-fitting routine. This has been alluded to in 2.3. The example of fitting a mixed 

Gaussian-Lorentzian profile to a band was demonstrated in figure 2.5. The method can be 

applied to more complex band shapes, for example, where band splitting has occurred,
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shoulder bands are present or where bands overlap. Figure 3.14 displays an example where 

curve-fitting has been used to ‘deconvolute’ a system of three bands in a garnet Raman 

spectrum. The parameters mentioned above are available for each individual band.
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Fig. 3.14. Multiple curves fitted to complex Raman band system.

Curve-fitting is also often employed in the creation of Raman maps with the RM instrument. 

The Si chip map in figure 3.10 could have been created by applying a stored ‘curve-fit file’ to 

each of the Raman spectra that made up the experiment ‘multifile’. In this way, maps can be 

created of the FWHM, intensity, position and area parameters calculated by the curve-fitting 

routine.

3.9 - Limitations and drawbacks of the technique and instrument

With recent technological developments Raman spectroscopy has become an extremely useful 

addition to the analyst’s laboratory. The method is rapid and is complimentary to IR 

spectroscopy, a technique far more established in terms of routine analysis. Raman 

spectroscopy does have limitations. As mentioned elsewhere the inherent fluorescence of 

many samples proves to be the largest problem. Methods of overcoming or reducing the 

effects have been covered in 2.4.

Whilst analysis by Raman spectroscopy serves as an excellent qualitative method it has only 

rarely been used to provide quantitative information. Theoretically, the spectrum can be used 

to provide quantitative information since the area under a peak is proportional to the 

molecular species or structural unit it corresponds to (Janz and Wait In: Szymanski, 1967),
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the basis of the Beer-Lambert Law. The fundamental problem is based in not being able to 

define the exact volume from which the scattering occurs and in characterising the exact laser 

power density at the sample (McMillan and Hoffmeister, 1988). Recent advances in intensity 

calibrations will go some way towards improving the feasibility of quantitative studies. 

Calibration by means of analysing and comparing with a reference sample is difficult since it 

is almost impossible to reproduce exactly the experimental conditions. Differences between 

spectrometers mean that reference tables of exact Relative Raman Scattering Cross-Sections 

required for calculating quantitative values, are few. There are some analyses of fluid 

inclusions where this has been possible and reported in the literature. The discrete volumes 

can be measured in these instances.

One drawback with a Raman system whose front end is a microscope is that very rough 

samples are not easily accommodated beneath the objective. In order for collection of the 

signal to be as efficient as possible high numerical aperture (NA) objectives (also called ‘fast’ 

lenses) are used. In most cases the working distance, i.e. that distance between the sample and 

objective, is very small. For objectives with magnifications of x50 this distance is around 350 

micrometer. To accommodate lenses with such high NA’s (e.g. 0.75 with a x50 objective) the 

body of the objective must be very wide. This naturally limits how close the objective may 

approach the sample surface. Ideally, therefore, sample surfaces are flat. Long-working 

distance objectives, up to several mm, are available but the greater working distance allows 

more stray light to be collected.

The RM series of instruments are, technically speaking, spectrographs or spectroscopes. Their 

arrangement of relatively wide aperture slit, single dispersion grating, multichannel detector 

and use of filters to block the laser differs from spectrometers. Spectrometers used for Raman 

studies usually consist of two or three (‘double’ and ‘triple’) monochromators. As the name 

suggests, monochromators transmit only one wavelength to the detector at any one time. 

Rotation of the gratings allows a continuously changing wavelength to be presented to the 

detector and a spectrum is slowly built up. Double and triple ‘additive mode’ 

monochromators use two or three gratings respectively, to disperse the light. Two apertures 

are used in the triple and one in the double monochromator to remove the excitation 

wavelength, the elastically scattered light, and stray light. A single channel detector, for 

example, a photomultiplier tube, receives this signal. Triple monochromators operating in the 

subtractive mode operate in a similar manner but the second grating recombines the light
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before it is re-dispersed by the third on to the detector. Overall, the resolution is less than that 

achieved by a double monochromator (Gerrard and Bowley, 1989). In this way, the RM series 

is similar but employs filters to block the excitation wavelength instead of two gratings and an 

aperture. Monochromators have the advantage that they are able to operate much closer to the 

laser ‘line’ than filter-based spectrographs. In general, the greater the groove density of the 

grating, the greater the spectral resolution. However, this is achieved at the expense of 

throughput. Since the Raman signal is inherently very weak double and triple monochromator 

spectrometers are inferior to spectrographs of comparable spectral resolution.

Almost all materials may be analysed using Raman spectroscopy. Samples in solid and liquid 

form can all be studied non-destructively (except in some cases where the sample is very 

thermally-sensitive). With the advent of stable high-powered lasers and sensitive detectors the 

previously intractable gaseous samples now no longer present a problem. Black and strongly- 

coloured substances and those with high Fe content may present difficulties but these may, in 

some cases, be overcome with an alternative excitation wavelength. It has been shown that the 

type of bonding affects the Raman scattering ability of a substance. For this reason metals, or 

those substances with strongly metallic bonding, are not amenable to Raman analysis.

3.10 - Other manufacturers

Worldwide, Renishaw, pic is one of a small but growing number of Raman spectroscopic 

instrument manufacturers. The popularity of the technique lies in the diversity of possible 

applications and the success in the development of easy-to-use, reliable instruments. 

Instrumentation costs are decreasing with increasing technological knowledge in the fields of 

lasers, detectors and optics.

Whilst the principle of analysis remains the same, the various manufacturers achieve results in 

slightly different ways. Some of these differences stem from the fact that some manufacturers 

target different market sectors. For example, concentrating on process-line applications might 

lead an instrument’s design to be based around fast spectral analysis of a bulk sample via 

fibre-probe. To compare the Renishaw RM series instruments other laboratory research grade 

microRaman designs should be selected. Amongst these is the French company ISA, which 

markets the T64000. The spectrometer can function as a single, double or triple in subtractive 

or additive modes. Spectrometers of this kind employ a different configuration of
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spectrometer components than are found in ‘notch filter’-based instruments. Rayleigh 

rejection is achieved via mechanical slits with gratings used to disperse and recombine the 

Raman light. The basic design of this type of spectrometer can be found in Wolverson ( In: 

Andrews & Demidov, 1995), for example. Mono- and/or multichannel detectors can be fitted 

to the instrument. Spectral resolution with the triple arrangement is quoted at 0.15 cm '1 and 

signals as close as 1 cm '1 shift from the excitation wavelength is given in the technical 

literature. These figures highlight the spectral advantages of this type of spectrometer, 

however, signal throughput might be expected to be low. This instrument and others from ISA 

employs a pinhole in the optic axis. As a consequence the system is always in confocal 

arrangement. The pinhole diameter can range in size between 100 micrometers and 300 

micrometers and is placed in the back focal plane of the microscope. Adjustment in the 

optical plane and along the optical plane was traditionally controlled by means of manual 

vernier. Modern instruments use a motorised version controlled by the user software. 

Arguments against the pinhole method of achieving confocality are that it is difficult and 

time-consuming to maximise the position and less signal throughput results.

InPhotonics of the USA manufactures a Raman instrument with an echelle-equipped 

spectrograph. This type of grating has a relatively few number of ruled lines per mm and a 

broad groove. The spectral range is compromised but resolution of less than 1 micrometer is 

easily achievable. Although not a microtechnique in terms of selecting and defining the 

sample spot, this instrument used a narrow fibre to limit the spatial dimension.

The ability to record the spatial distribution of characteristic Raman peaks from a region of 

the sample is described in 3.3. This powerful facility is only available to those instruments 

that use a two-dimensional array multichannel detector, such as a CCD. The Renishaw 

instrument is able to preserve the spatial characteristics of the Raman scattered signal through 

both the notch filters and narrow bandpass filters and project the information onto the detector 

and record a Raman image. Only the Renishaw instrument offers this technique of Raman 

analysis.
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4 -  Aims of the project and outline
The purpose of this section is to describe the aim of the project, to discuss why certain 

application areas were chosen and the format of the rest of the work.

4.1 -  Introduction

The preceding chapters have briefly introduced the origin of the project, the basic principles of 

the underlying theory and the Renishaw Raman instrument on which the following analytical 

investigations will be performed.

It is clear that the technique and the instrumentation has some limitations but appears to have 

much to offer the mineralogist and petrologist. Given the limitations of the instrument, the 

theoretical considerations and the scope of published work, some parameters could be 

determined for suitable materials that could form the basis of the research project.

It has been stated that Raman spectroscopy is not yet a routine technique in mineralogical 

studies. The well-understood methods based upon X-ray interactions (and the derivatives of 

these methods) hold a pre-eminent position in this regard. From the preceding sections it is 

apparent that Raman spectroscopy has much to offer to compliment these traditional techniques.

The fundamental aim of the project, then, is to apply microRaman spectroscopy to a variety o f 

materials o f interest to the mineralogist, petrologist or crystallographer and to assess the 

applicability and usefulness o f the technique in the context o f the analytical instrumentation 

widely used in the Earth sciences.

4.2 -  Possible areas of exploration

The application potential for Raman spectroscopy in mineralogy and related areas is vast. Its use 

thus far has predominantly been in mineral characterisation, investigations of crystal structure 

and the qualitative analysis of fluid inclusions. It was decided that a series of ‘case studies’ 

focussing on mineral identification, the structural study of minerals, the ability to create maps
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based on spectral data and Raman imaging would be the best way of approaching the research 

project. Collectively, these are the key areas in which microRaman spectroscopy offers 

advantages over techniques traditionally used in the Earth sciences.

Mineral identification

Traditionally, mineralogists and petrologists have relied on physical and optical properties to 

identify minerals. A technological solution was provided by the X-ray diffraction technique. The 

method enabled the accurate distinction between many polymorphs and minerals of identical 

physical and optical properties, as well as facilitating the study of very small minerals. The 

method does have limitations. Data can be ambiguous and difficult to interpret; significant 

sample preparation is usually required and may require that a sample of rock be reduced to a fine 

powder. MicroRaman spectroscopy appears to a comparable method of mineral identification to 

X-ray diffraction but with fewer limitations.

There are many possible potential areas for exploring this facet of the technique in petrology.

The study of fluid inclusions and daughter minerals is one of the more obvious but this was 

rejected for this study since it was decided that there has been considerable research in this area. 

Further developments must entail the advancement of quantitative analyses, which is beyond the 

scope of this work.

Many of the Fe- and Mn-rich minerals are difficult to distinguish and it was thought that Raman 

spectroscopy might be able to address this issue. A set of samples was acquired but the minerals 

proved rather intractable to the technique and this aspect was not explored further.

Sections of this work that explore the method’s ability for the discrimination between minerals 

are sections 5, where the existing Renishaw database of mineral spectra is reviewed, and section 

6 that describes the analysis of a possible coesite inclusion; a key indicator mineral for ultra-high 

pressure metamorphism that is difficult to accurately identify optically. Mineral identification 

also forms aspects of sections 11 and 12 in studies of ‘industrial’ rocks and minerals. In these 

situations, the technique is applied in an attempt to solve existing problems that could not be 

addressed by other techniques and where microRaman spectroscopy has a significant potential
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analytical advantage. Technique developments are described in sections 14 and 15 that facilitate 

the ability for mineral identification using the technique. These sections address theoretical and 

practical considerations, respectively.

Crystal structure

Characterising new minerals based on their Raman spectra, in combination with other 

techniques, is likely to become increasingly common practice. It provides information that is 

comparable to XRD but without the limitations described above. However, due to the difficulties 

in acquiring potentially new minerals, none have been attempted in this work.

There is great scope for studying various aspects of crystal structure and crystallography using 

Raman spectroscopy. These include calculating the orientation of functional groups and 

commenting on the bonding environments. In this work, changes in the structure of some 

minerals have been studied by how these changes are reflected in the Raman spectra. Biotite, 

zircon and quartz are the focus of sections 7, 9 and 10, respectively.

Mapping

The ability to create maps spatially detailing the distribution of key components of Raman bands 

on a micrometer scale is potentially one of the major advantages that the technique offers. One 

could, for example, study the zoning in magmatic feldspars that might not be apparent from 

optical microscopy. Because the technique is applied over a micrometer scale reaction rims and 

diffusion processes could be studied.

Section 10 describes the use of mapping in a study of the strain thought to be stored in undulose 

quartz. Mineral structure changes are mapped in studies of biotite and zircon in sections 7 and 9.

Imaging

As mentioned, the ability to project an image of a selected Raman feature from a large 

illuminated area to highlight its distribution is a function not offered by any other microRaman 

manufacturer. To this end there are few published accounts of this technique applied to minerals.
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Global Raman imaging has been applied in this study to zircon and limestones, in sections 9 and 

13.

As a rapid alternative to some types of Raman mapping experiments, the technique could have 

been applied to many other samples. Imaging of exsolution lamellae, overgrowths, inclusions, 

textures and symplectite intergrowths would all make interesting areas of petrographic study that 

would be difficult or time-consuming to study by other methods.

4.3 -  Format of the project

The following chapters of this work have been grouped loosely by the headings above, i.e 

mapping or by sample type, since often the different approaches described can be used on the 

same sample. It also allows each sample to be considered as a separate ‘case study’; a complete 

entity that describes the use of the technique in only that region of study. Each is introduced and 

placed in context, the experimental work discussed and concluded. The common threads of 

microRaman spectroscopy and the analysis of materials relevant to the Earth scientist run 

throughout. The underlying theory has been briefly presented in section 2 and a description of 

the instrumentation given in section 3.

Chapter 2 deals with the main fingerprint applications, sections 5 and 6, although mineral 

identification is a strong theme throughout this work. Chapter 3 covers the most significant 

crystal structure investigations. Chapter 4 is concerned primarily with rocks and minerals used 

for structural purposes and the processes and transformations that can affect these and other 

rocks. For each case, previous analytical methods have not been able to solve the issues 

highlighted and it was thought that different approaches offered by Raman spectroscopy might 

be able to add to the existing techniques used in these areas. Three developments to the 

technique are described in Chapter 5 that arose during the course of this work. Since each section 

is discussed and concluded, general conclusions appear in Chapter 6 along with suggestions for 

further work.
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Chapter 2 -  Fingerprint applications

This chapter comprises sections 5 and 6 of the current work. A discussion of the use of 

databases of mineral Raman spectra is followed by an account of the work undertaken to 

improve an existing database with suggestions for further development.

A case study is presented where an attempt is made at the identification of a mineral 

polymorph. The findings are discussed with the implications for the petrogenetic history 

of the rock sample.
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5- Inorganic database development

The use of reference databases is pivotal to the success of Raman spectroscopy in the 

qualitative analyses of unknown materials. The following describes the use of one of the 

proprietary Renishaw databases and makes some suggestions for development.

5.1 -  Introduction

The pre-eminence of microRaman spectroscopy as a fingerprinting tool cannot be denied. IR 

spectroscopy is inferior due to the naturally broad absorption bands, and sampling constraints 

hampers XRD analyses. However, the ability to accurately determine the exact species of a 

sample must, in the absence of any other information, be limited by the reference database. 

Renishaw, pic market several databases including those of polymeric materials, substances of 

interest in forensic science and inorganic materials. The databases are supplied on a single 

CD with access to each provided by a password that is sold to the customer.

5.2 -  The Renishaw Raman Database of Minerals and Inorganic 

Materials

Renishaw’s collection of approximately one thousand gem, mineral and inorganic materials 

spectra in the form of a searchable database has been in existence since around 1996. 

Although the concept was for a gemmological tool it had the potential to be a very useful tool 

to the mineralogist or petrologist. There exist a number of other similar, significantly smaller 

databases of mineral Raman spectra and generally these contain spectra that are freely 

available on internet websites. These are largely limited collections of spectra collated by 

researches at academic institutions, for example, the database of some 150 spectra at the 

University of Parma assembled by Dr Danilo Bersani. Others, for example, that held by the 

CalTech Institute, consist not only of spectra recorded by researches at that institution but the 

facility exists for anyone to contribute a mineral spectrum. Because there are many different 

models and designs of Raman spectrometer, and from the discussions of spectral resolution 

and calibration, these spectra should be approached with caution.
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To the author’s knowledge, the Renishaw mineral database remains the largest single 

collection of mineral Raman spectra. Those databases that exist in the public domain are 

merely collections of spectra, i.e. a spectrum of an unknown mineral cannot be directly 

searched against them.

Using any of the Renishaw databases is a very simple process. The sample of interest is 

analysed using the Raman instrument using whichever configuration of parameters provides 

the best quality spectrum. This may involve selecting a different laser or acquiring many 

accumulations to provide a good SNR. From the GRAMS software the ‘Search’ option is 

selected. A new window appears that allows the user to select the appropriate database and 

the type of search required. Within the categories of ‘Text’, ‘Peak match’, ‘Full spectrum’ 

and ‘Custom’ there are further options to refine the search. The ‘Text’ search is a useful 

option when the sample is not completely unknown. Typically, the ‘Peak match’ is selected 

or in combination with the ‘Full spectrum’ search using a first derivative least squares 

correlation. After initiating the search the computer applies the algorithms to the sample 

spectrum and the contents of the database. Within a few seconds the matches are presented as 

a list of hits. An example of the resulting computer screen is depicted in figure 5.1.

From the first use of the Renishaw Raman Database of Minerals and Inorganic Materials it 

was clear that it had serious shortcomings. Running a search resulted in the generation of a 

‘hit’ list of 20 reference spectra that most closely matched the sample spectra using the search 

parameters and mathematical functions. On screen the information for each ‘hit’ comprised 

only the species name and positions of the three most intense peaks in wavenumber shift. 

Selecting the ‘Hit info’ button and ‘Text’ screen for any of these reference spectra yielded no 

further useful information. Other areas that raised concern were the several spurious entries 

and the use of old terms used in the gem trade and not the recognised mineralogical term for 

that species. It was felt that entries such as ‘slate’ should be deleted. Clearly, a rock type such 

as slate is an assemblage of different minerals and could not be represented by a single 

spectrum derived by a technique with a spatial resolution as high as one micrometer.
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Hit Info View Subtract Options Exit Help

@ 1

Copy

Open

&

1 WB123894VNEWMIN- 1VAZUR1 SPC

 J  ^  ,

Hit #1 Azunte (Cu-carbonate) (INORGAN LIB#53)

) WL/wjaJ

.A.

2000 1800

Hit Ust

1000

Raman Shift (cm-1)

800 400 200

j l J

_lI

Number Quality Index SPC Identification
1 .75 Azurite (C u-carbonate)
2 .78334 N epheline (N epheline group - fram ework alum inosilicate)
3 .78334 Antigorlte (K aolinite-Serpentinite group)
4 .8 F errohornblende (A mphibole group)
5 .8 A natase  (Ruble group)
6 .81668 M argarite (Mica group)
7 .81668 Pyrite (Pyrite group - cubic su lph ides, se len ld e s , etc)
8 .81668 Lepidocrocite (white) (Fe- hydroxide)

U3 Search Rasuta —  -

Fig. 5.1. Example o f library search showing sample spectrum in red and reference spectrum in green.

There were many entries for species that belonged to solid solution series’ but listed by their 

family name. It was felt that because of the way in which the Raman effect responds to solid 

solution in minerals it was appropriate to leave these spectra in the database because even 

though the term applied was broad they still provided useful information.

5.3 -  Database development
It was decided that to make the database a far more useful tool it would need to be 

extensively re-edited. The most useful addition to the database would be to add chemical 

formulae. Ideally, quantitative chemical compositions for each entry would be provided but 

this level of information does not exist for the reference spectra. Raman spectroscopy applied 

to mineralogy is at best semi-quantitative so the absence of chemical data was deemed to be 

not too great a criticism.

The Inorganic Database, originally supplied to customers on a 3 Vi inch disk, was also 

accompanied by two hardcopy volumes. They contained some additional information, for
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instance, the positions of all the peaks for a specimen and copies of raw specimen spectra i.e. 

without their background signals removed. More usefully, some specimens had their general 

chemical formulae listed. However, some of these were erroneous and the majority were 

missing. Cross-referencing between sample spectra and the hard-copy library information 

was time-consuming. To provide immediate on-screen information for each ‘hit’ to aid the 

non-mineralogist a brief descriptor was determined for each species. This took the form of 

either the group or family the species belongs to and in many cases a chemical and structural 

summary. In figure 5.1 this new information is located in the hit table column labelled ‘SPC 

Identification’. From the results screen of the search it is possible to view a text screen for 

each of the ‘hits’. An example of the ‘Hit info’ now available for all entries can be seen in 

figure 5.2.

1
Azurite (Cu-carbonate)
Chemical loimula: Cu(3) [CO[3))2 (0H)2 
Main peak positions: 402 1580 834 
Location: Germany 
cf: oxidised Cu-deposits. malachite 
Reference code: AZURIT2 
Analyst:
Date: 30/09/96 
File: AZURI2_2.SPC

IS
1 Information \ | Peaks j | Print ( [ Cancel

Fig. 5.2. ‘Hit’ text available for search matches.

For each reference species the chemical formula was added. In some cases this was quite 

general. Other information added includes a line of key word text that gives the analyst 

information on topics such as which rock types the mineral is commonly associated with, 

synonyms and minerals related either by chemistry or structure. Where the source location, or 

provenance, of the reference is known this was also added. All the reference samples are 

listed with a code so that the individual specimens can be reanalysed if there is any doubt 

about their nomenclature.

Text for Library Entry MN000848
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It was decided that mineralogical structure or crystallographic information was probably not 

of much importance to the analyst and so would not be included. The interested analyst could 

refer to reference literature for detailed information.

To accompany the revised version of Renishaw’s software application a press release was 

drafted (see Appendix) and appeared in a Company newsletter distributed worldwide.

5.4 -  New additions

The reference samples used to build the database belong to the private collection of Dr. J.B. 

Nelson. At the beginning of this project approximately 100 samples were presented to be 

analysed and added to the database. In preparation, information was recorded in a format so 

that it could be easily transferred to the database and be of the same standard as the re-edited 

spectral files. This has now become the standard format for mineral Raman spectra 

presentation used by Renishaw. Future additions to the database will include another line of 

text that describes the nature of the sample and, if part of an assemblage, the minerals it is 

associated with.

Further improvements could be made to the database. The addition of spectra of the same 

mineral but from different localities would help improve the quality of the existing spectra 

and improve the chances of correctly identifying an unknown.

Minerals commonly associated with particular geological settings, for example, hydrothermal 

ore deposits may prove useful. Often, the minerals are characteristic of a particular type of 

deposit and recognising the type from key minerals may help to predict the occurrence of 

minerals of economic importance.

Thorough chemical and Raman studies of suites of minerals comprising a solid solution 

series may help to quantify samples from those families. Figures 5.3 and 5.4 very simply 

depict the one- and two-mode behaviours exhibited by some minerals that form a solid 

solution series. One-mode systems are those in which the frequency of a Raman band 

changes between two end members along the solid solution. The change may not be linear 

nor very large (Figure 5.3 depicts a very large change for clarity). Two-mode behaviour, as 

displayed by the olivines forsterite, fayalite and montecellite, for example (Chopelas, 1991),
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is described by two bands in the Raman spectrum that change in relative intensity along the 

solid solution. To a first approximation the ratios of the intensities of the two bands can be 

used to comment on the relative proportions of each member.

C/5

Raman shift/cm1

End m em ber positions

D
d
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Raman shift/cm1
Fig. 5.3. Representation o f one-mode behaviour in solid solution Raman spectra.
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Fig. 5.4. Representation o f two-mode behaviour in solid solution Raman spectra.

The acquisition of suitable solid solution series samples and their characterisation by 

quantifiable analytical techniques represents a significant program of study and was not 

undertaken as part of this work.

The Raman analysis of fluid inclusions has only been very briefly mentioned in this study. 

The very nature of the phenomenon presents difficulties in determining quantitative data for 

the species present in an inclusion. However, there are some published studies that have been 

able to achieve this. Increasingly, semi-quantitative analyses are appearing based on 

microRaman spectra. Whilst this is not the place to describe in detail the problems and 

proposed solutions it is pertinent to suggest that a database of fluid inclusion components 

would be of great benefit. MicroRaman spectroscopy remains an excellent qualitative tool.
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Although generalisations are impossible, it is fair to say that many of the mineral inclusions 

studied, and those of greatest interest to the petrogenetic history, belong to the C-O-H-N-S 

system. Demonstrably, species belonging to this system, e.g. CO2, SO4, can be detected using 

Raman spectroscopy. It would be trivial to record the spectra of these species but of more use 

would be the response from synthetic samples that are made to a specific composition, both 

in liquid and vapour forms. Daughter crystal spectra could be gleaned from the existing 

database.

5.5 -  Conclusion

The re-editing of the 1000 or so entries has led to a more useful database. For example, a text 

search for ‘Feldspar’ now responds with 49 ‘hits’ representing the semi-precious and 

common varieties of this group as opposed to the three spectra returned in the unedited 

version. The database can only benefit from additional spectra. However, it is important that 

these reference materials are carefully characterised prior to their addition and that they 

remain as part of a set that can be obtained easily should their subsequent re-analysis be 

required. It is imperative that the instrument used to record the reference spectra is 

thoroughly calibrated to ensure accuracy and precision.

Whilst a general database of mineral spectra is very useful there is considerable scope for 

more specific databases to run in parallel. These could be rock type-, deposit-, geological 

setting-, or fluid inclusion-specific.

Other examples where specific databases could be useful are:

1. Economic deposits. Many of the minerals in these settings are opaque and analysis of 

these phases in polished block by reflected light microscopy can be ambiguous. An 

additional advantage is that polished blocks of this kind are ideally suited to 

microRaman spectroscopy. The deposits often host rare minerals and unusual 

compositions as a function of the highly evolved fluids involved. Such a database 

could also include fluid inclusion related compounds, for example, like those in the C- 

O-H-N-S system.

2. Brick, cement and industrial minerals. Minerals in this field range from the common 

to unusual, like the ‘cement minerals’ that include C3S, thaumasite and ettringite. Due
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to their rarity they may be difficult to identify from petrography or XRD pattern. 

Development of the database could lead towards quality control for some industrial 

minerals.

3. Environmental mineralogy. A database for this application area could also include 

biological compounds like lichens and soil.

4. Igneous, volcanogenic and metamorphic systems. Rocks from these settings often 

have unusual chemistry and may contain trapped fluids.
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6 - Suspected coesite inclusion
The ability to successfully acquire Raman spectra from minerals in petrographic thin section 

is of paramount importance to the petrologist. The technique potentially offers an almost 

unique method of distinguishing between minerals of identical physical properties. This study 

aims to show how the ability to make this distinction using Raman spectroscopy can have 

ramifications for petrological study by analysing a suspected coesite inclusion.

6.1 -  Introduction

Raman spectroscopy is an excellent method of distinguishing between mineral polymorphs. 

Traditionally, petrography and X-ray diffraction methods are used. However, these techniques 

cannot be applied in all situations and the results of the analyses may be ambiguous. Many 

common minerals are stable in more than one structure even though their chemical 

composition remains the same. Raman spectroscopy provides a simple and effective means of 

discriminating between polymorphs based on crystal structure. Frequently, the presence of a 

particular polymorph has bearing on the geological interpretation of the rock in which it 

occurs.

6.2 -  Sample description

The suspected coesite sample used in this study comes from an omphacitite pod from the 

Glenelg inlier, NW Scotland. The suite is thought to have experienced eclogite facies 

metamorphism. Peak conditions are thought to have been 20 kbar at 750°C based on 

chemistry and petrology (C. Storey pers. comm.). The successful identification of a suspected 

inclusion as coesite essentially confirms minimum conditions of metamorphism. In addition, 

there have been no previous reports of coesite in the NW Highlands of Scotland (C. Storey, 

pers. comm.).

The omphacitite consists of essentially equigranular pyrope/jadeite garnet and omphacite 

pyroxene porhyroblasts. Triple junctions are common. The matrix is composed mainly of 

aggregates of polycrystalline quartz and feldspar. Some larger grains of feldspar exist and 

some of these show perthitic textures. The rock is relatively fresh and unaltered. In places 

minor clay minerals occur along grain boundaries. The inclusion is shown in Figure 6.1 using 

low magnification plane polarised light. The image was recorded from the closed circuit
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television camera mounted to the Leica microscope attached to the RM instrument. Figure 6.3 

appears to show a coesite inclusion surrounded by an a-quartz mantle, all within an 

omphacite grain. Note the high relief of the ‘core’, the radial fractures in the omphacite and 

the polycrystalline mosaic. The inclusion measures approximately 180 micrometers along its 

long axis.

Fig. 6.1. PPL image o f suspected coesite inclusion in omphacite.

Coesite has a slightly higher relief and lower birefringence than a-quartz. Despite these 

differences coesite is rather difficult to distinguish from a-quartz by optical petrography 

alone. As described later, the use of textural information can be useful in discriminating 

between the two polymorphs but these textures can be misleading. Obviously, the use of 

chemical methods does not aid the distinction between polymorphs.

Where single crystals of polymorphs are available, X-ray and electron diffraction techniques 

may be used. However, possible occurrences of coesite in the sample rock are expected to be 

extremely unusual and so no attempts were made to isolate single crystals. An approach using 

microRaman spectroscopy was deemed the most suitable method of determining if the 

inclusion was, indeed, coesite. If not, the spectra data derived might indicate the nature of the 

inclusion. Analyses can be performed non-destructively on the grain in situ in the thin section 

without the need for further preparation. Analysis spot sizes of the order of a micrometer 

permit highly specific, high spatial resolution analyses to be performed on any part of the 

inclusion or any other grain. As has been mentioned, the technique is an excellent means of 

discriminating between polymorphs because the Raman spectrum is influenced predominantly 

by atomic structure.
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6 .3 - Coesite

It is insightful to describe the structure of coesite; most of which has been learned through the 

study of synthetic specimens. A review of the limited occurrences of coesite and its 

petrogenetic significance highlights the importance of unambiguously detecting it. Of the few 

published accounts of the presence of coesite in an assemblage, many were by textural 

evidence; an adequate micro analytical technique was really not available before the advent of 

microRaman spectroscopy. Subsequently, there have been published descriptions of the 

mineral in rocks that have used this technique.

Chemistry and structure of coesite

Unlike quartz, coesite is pure Si02. The low temperature polymorph normally has a 

composition ‘very close to 100 per cent’ silica (Deer et al 1995). Impurities are present either 

as minute inclusions like rutile or as fluid inclusions and fluid-filled cavities. Substitution of 

Al3+ for Si4+ may occur; accompanied by either Li+ or Na+. Studies by Mosenfelder & Bohlen 

(1997) using synthetic coesite highlight the importance of H2O in the kinetics of 

transformation to quartz. These authors point out that it is unknown if coesite incorporates 

H2O to the same degree as quartz. They found no evidence of the presence of H2O using FT- 

IR methods. Although their synthetic coesite contained significant quantities of hydrogen it 

was thought that this was mostly in the form of fluid inclusions.

Probably the most significant work on the structure of coesite was carried out not long after 

its discovery and synthesis in the late 1950’s (e.g. Zoltai & Buerger, 1959). Coesite is 

monoclinic with the C2/c space group. It has a ‘feldspar-like’ (Deer et al op. cit.) structure of 

the three-dimensional linkages of four-membered rings Si04 tetrahedra. Gibbs (1977) went on 

to describe the “corrugated layers” of cross-linked 4-membered rings to produce “crankshaft” 

chains that formed a much denser arrangement than seen in feldspars. The unit cell is 

hexagonal, as is its symmetry.

Occurrence

Coesite is a rare polymorph of silica that is stable at high pressure. The more common

varieties are quartz, tridymite and cristobalite that are stable at surface conditions of pressure
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and temperature. Coesite is commonly associated with ‘foreign’ rock inclusions, or xenoliths, 

in kimberlitic rock. These fragments are believed to represent material from beneath the 

Earth’s crust. Should free silica be present in the upper mantle it has been suggested that 

coesite is the stable phase (Chopin, 1984). Reported occurrences of coesite in xenoliths date 

back to the late 1970’s (Smyth & Hatton, 1977, and Ponomarenko & Spetsius, 1978, In: 

Wang et al, 1989). Other natural occurrences of coesite are, predominantly, in impact-related 

rocks. These include tektites and meteorite craters and are the result of impact-metamorphism 

transforming the impacted rock’s existing silica mineral to the high-density polymorph. 

Chopin (1984) was amongst the first to report naturally-occurring coesite in terrestrial rocks, 

believed to have formed under high pressure in the high-grade blueschists from the Western 

Alps. Subsequently, a handful of occurrences of coesite in eclogitic and other ultra high- 

pressure metamorphic (UHPM) rocks of varying ages have been reported (see, for example, 

Parkinson & Katayama, 1999 for references).

Petrographic significance

The presence of coesite in terrestrial rocks has great significance for petrologists. Indeed, as 

Parkinson & Katayama (1999) point out, it is the “primary indicator mineral” of ultra high- 

pressure metamorphism. Although it has been shown that coesite can grow from strained 

quartz at lower pressures (Chopin, 1984) its presence suggests that under static conditions, 

and depending on the temperature, the maximum pressure experienced typically by the 

coesite-bearing rocks was 25 kbar to 30 kbar. Furthermore, Gillet et al (1984) suggest in a 

seminal study that by calculating the volume of a-quartz associated with a coesite inclusion 

much of the possible P-T history of the same can be determined. Under these ultra-high 

pressure conditions the coesite would have existed in the matrix (e.g. Chopin, 1984). Since 

coesite is stable at pressures >29 kbar at 800° C (see Figure 6.2) (Mirwald & Massonne, 1980, 

in Enami et al, 1990) it requires that host rocks must have been subducted to depths of >90 

km (e.g. Enami et al, 1990). These are very considerable depths for terrestrial crust to have 

been exhumed from and the tectonic interpretations and possible mechanisms that allow this 

present the structural geologist with a challenge
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Fig. 6.2. Approximate stability field o f coesite. After Mirwald and Massonne (1980) in Enami and Zang (1990).

Transformation of coesite to quartz
Rocks that experience UHPM conditions and are exhumed to the surface rarely completely 

preserve coesite inclusions. A strong ‘pressure vessel’ such as zircon or diamond appears to 

be required. Indeed, Hacker et al (1995) report that coesite can only survive exhumation, even 

partially, if present as an inclusion. Mosenfelder et al (op. cit.) suggest that a 100-micrometer 

matrix crystal of coesite would be completely transformed at moderate temperatures in less 

than 1 M a1.

Coesite contained inside a host crystal is one mechanism that accounts for the existence of 

natural examples in surface rocks. During decompression on the retrograde path, models 

suggest that the host can act to buffer the pressure on the silica system back to the 

equilibrium, limiting the transformation to between 25% to 30% at around 400°C 

(Mosenfelder et al op. cit.). The inclusion will remain in the coesite stability field even though 

the rock is within the quartz stability field. The kinetics of transformation from quartz are, 

however, poorly understood. From experiments using synthetic coesite, the transformation 

reaction, in the absence of fluids, is sluggish (Hacker et al op. cit.). When the inclusion 

pressure overcomes the mechanical strength of the host, cracking occurs. This has great effect 

on the rate of transformation. In addition to allowing fluid access to the inclusion, the cracks

* T he study o f  M osenfelder et al, and that o f  H acker et a l ( 1995), was based on synthetic coesite  pow ders. A lthough the 
sim ilarities betw een the experim ental and natural sam ples were said to be ‘s trik ing ’ by the authors (and, therefore, thought to 
reflect the dom inan t m echanism s in natural sam ples), several assum ptions w ere m ade regarding nucleation  and growth rates. 
T he pow dered  sam ples, in the presence o f  water, m ay provide useful upper lim its on the transform ation  rates.
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also provide nucleation sites for quartz (Mosenfelder et al op. cit.). The presence of hundreds 

to thousands of ~ 1 -micrometer-wide elongate quartz grains that show no topotactic 

relationship to the inclusion radiating out from the core, suggests a very high ratio of 

nucleation rate to growth rate driven by a sudden change in the reaction driving potential 

(Chopin et al, 1995). Cracking allows a departure from the equilibrium conditions and the 

model of Mosenfelder et al (op. cit.) suggests that total ‘consumption’ of the coesite is 

inevitable. Cracks observed to appear in the coesite itself at high pressure also act as 

nucleation sites (Mosenfelder et al op. cit.). Boyer et al (1985) recorded the presence of 

optically undetectable incipient quartz along cleavages and throughout the coesite lattice. The 

rate of transformation is also thought to be ‘catalytically’ (Mosenfelder et al op. cit.) affected 

by the presence of fluids, both that fluid bound in the inclusion and that circulating around the 

rock. One possible mechanism proposed by Mosenfelder et al (op. cit.) is that H2O present 

assists in strain relaxation; high elastic- and plastic-strain being one of the methods of 

inhibiting nucleation. The same workers also point out that H2O aids diffusion in other 

silicates, maybe acting to reduce the activation energy of Si—O breaking.

Textures

Frequently, what are thought to be coesite grains in a rock exists as a pseudomorph after 

a-quartz, often completely replaced by a-quartz and, rarely, as tiny preserved relics in an a- 

quartz crystal. The inclusions are typically ovoid to subround in shape and 50 micrometer to 

350 micrometer across (Ruyuan et al, 1996). Host mineral crystals in eclogites are Fe,Mg-rich 

garnets (typically almandine-pyrope series) and omphacite (a bright green pyroxene, 

(Ca,Na)(Mg,Fe2+,Fe3+,Al)[Si206] ). More rarely relict coesite and its pseudomorphs have been 

discovered in jadeite, kyanite, dolomite, zircon, epidote, zoisite and diamond. Parkinson et al 

(1999) record the occurrence of completely untransformed coesite present as inclusions in 

zircon and garnet (Parkinson, 1999, in Parkinson et al, 1999) from the Kokchetav massif of 

Kazakhstan. Although this appears to be the first reported occurrence of coesite in this state of 

preservation the authors point out that this mode of occurrence in zircon may well be quite 

common and only the difficulty in recognising it, since characteristic textural features are 

absent, has prevented it from being more widely reported. Chopin et al (1995) also refer to a 

totally pristine coesite preserved within a diamond.

It was noted by workers early on that suspected coesite inclusions shared common textures 

and features. Most striking of these are the radial fractures observed in the host crystal. From
..
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the bounding surface these persist into the host and are usually gently curved and may be 

associated with concentric cracks around the inclusion. It is widely thought that the cracks are 

the result of the -10% volume increase upon transformation of coesite to quartz and is 

thought to be a low temperature event (Chopin, 1984) in the retrograde history of the rock. 

However, the presence of quartz within the cracks within synthetic samples suggests that the 

cracking must have formed at high pressure (Mosenfelder & Bohlen, 1997). Studies by 

Mosenfelder et al (1997) suggest that only around 25% to 30% transformation can occur 

before the inclusion pressure becomes three times greater than the outside pressure on the host 

crystal and cracks form. Cracks are not observed around inclusions of other species, for 

example, rutile and kyanite, in the same host minerals (e.g. Chopin, 1984). Crystals with good 

cleavage like dolomite tend not to show fracturing around the pseudomorph after coesite.

The presence of an inclusion of palisade quartz; a central mosaic of polycrystalline quartz 

surrounded by radial growth of fine-grained, feathery quartz aggregate within a radially- 

fractured host has been cited as evidence (Liou et al, 1996, Enami et al, 1990) of the former 

presence of coesite. Inclusions often comprise islands of relic coesite surrounded by 

identifiable a-quartz. Coesite has a higher relief than a-quartz and this feature has been used 

to aid the determination of a sample as coesite. In plane polarised light it often has a more 

yellowish colour than quartz (C. Storey pers. comm.). More typically the entire inclusion 

transforms completely to the low-pressure polymorph. Smith (1984) alluded to a 

crystallisation sequence of coesite to a-quartz based on the textural differences he observed in 

a single thin section. Liou et al (1996) defined a series of steps by which coesite transforms to 

quartz. They proposed a “reconstructive, interface-controlled” mechanism as opposed to a 

process of epitaxial overgrowth. The transformation steps from coesite are:

1 -  growth inwards of thin, fine-grained palisade aggregates from the coesite-host

boundary

2 -  coarsening of palisade quartz into mosaic aggregate, and the transformation to

quartz along coesite cleavages, creating islands of coesite

3 -  total replacement of coesite by fibrous quartz aggregate with mosaic boundaries

4 -  creation of coarse, polygonal quartz aggregates due to prolonged annealing

5 -  recrystallisation of aggregates to a few granoblastic quartz crystals

6 -  development of single quartz grains with either straight or undulating extinction.
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Identifying coesite based on textural evidence

The former existence of coesite in some rocks has been determined on the basis of the 

presence of certain textural features alone. Smith (1984) cites the presence of radial fractures 

around an inclusion that shows no relic crystals as evidence of pre-existing coesite (and 

therefore UHPM conditions). Liou et al (1996) similarly attested that radial fractures 

associated with a palisade quartz inclusion as proof of the existence of coesite in a rock. 

Coleman et al (1995) argue that radial fractures around a quartz inclusion alone are 

insufficient evidence of former coesite. The authors point out that certain P-T conditions of 

decompression could cause inclusions of quartz in a garnet to ‘explode’ since the elastic 

properties of the two minerals are different. Differential volume changes between the two 

phases on decompression/cooling may have led to the inclusion exerting enough strain on the 

host to cause brittle failure. They suggest that only the texture of subparallel quartz subgrains 

of the inclusion itself provides ‘convincing evidence’. The majority of work concerning the 

presence of relic coesite proves the mineral’s existence by the use of microRaman 

spectroscopy. Spectral evidence provided by the technique of coesite is unambiguous.

6.4 -  Vibrational spectroscopy of coesite

The vibrational spectrum of coesite is usually given when discussing those of all the silica 

polymorphs (for example Kingma & Hemley, 1994). Indeed, given the similarity of the 

spectra of the different polymorphs there is little published purely on coesite Raman spectra. 

Kingma & Hemley furthermore state that since the silica polymorphs do show common 

Raman spectral features then similar vibrational motions of Si and O must be responsible for 

those Raman bands. Boyer et al (1985) give the characteristic Raman band for coesite as 

521 cm '1. Three other bands, at 117 cm '1, 177 cm '1 and 271 cm '1 may be used to characterise 

coesite and other bands that are attributed to coesite but may not be always be present, are 

found at 151 cm '1, 355 cm '1 and 425 cm'1. Figure 6.3 shows the coesite Raman spectrum 

recorded by the Cal Tech laboratory and the most important bands are indicated. The 

spectrum of a-quartz, recorded by the author is overlaid with the coesite spectrum for 

comparison. It is notable that there are significant differences between the spectra of the two 

polymorphs; particularly so in the case of the strongest bands, which for both polymorphs is 

the characteristic band of that form.
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Liu et al (1997) note that although 33 Raman-active modes are predicted for coesite this 

figure does not match that of the number of observed bands. The complete set of fundamental 

vibrations has not been fully determined so it is possible that degeneracy, the coincidence of 

two or more Raman bands having exactly the same frequency, and very low intensity may 

account for some. The most intense peak is at 521 cm 1 and is assigned to the us (Si—O—Si) 

symmetric stretching mode and is equivalent to the 464 cm 1 band in a-quartz. The difference 

between the frequencies between the A\ mode in these two polymorphs is ascribed to the 

presence of 4- (coesite) and 6-membered rings (quartz) of silicate tetrahedra that form the 

structure (e.g. Liu et al, 1997).

McMillan et al (1982) grouped the bands of the silica polymorphs into three regions: the high 

frequency group (1000 cm"1 to 1250 cm'1) corresponds to Si—O stretching vibrations; bands 

near 800 cm 1 are said to relate to vibrations of Si about the O atoms that bridge between 

tetrahedra and the low frequency region (400 cm"1 to 500 cm'1) is the region of vibrations of 

the bridging O.
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Fig. 6.3. CalTech coesite Raman spectrum. Characteristic bands only are indicated, a-quartz 
spectrum for comparison.

6.5 -  Analysis and Results

Due to the nature of the inclusion, the analytical possibilities are limited to micro-techniques 

that allow in situ testing. Although several petrographic thin sections were produced from the 

rock sample, only one contained textural evidence suggesting the presence of coesite.
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EMPA

The electron microprobe analyses were performed before analysis by Raman microscopy. The 

aim was to ensure that the inclusion had not been ‘plucked’ out during polishing of the thin 

section and that it was silica and not another mineral species.

The carbon-coated polished thin section was analysed using a JEOL 8600 Superprobe. The 

instrument comprises three spectrometers with both gas-flow and sealed chambers. Operating
o

with an accelerating voltage of 15 kV and a filament current of 3 x 10 A, the 5 micrometer 

spot was used to record quantitative analyses from several points from the inclusion. All spots 

analysed returned compositions of pure Si02, indicating that the inclusion was still present 

and that it was silica.

Images taken using the fore-scatter detector of an SEM can be used to highlight differences in 

subgrain orientation. Figure 6.4 was recorded from the inclusion in omphacite. The upper half 

of the image highlights the presence of a-quartz subgrains surrounding the central inclusion.

Fig. 6.4. Fore-scatter SEM image o f  suspected coesite inclusion. Note the differences in subgrain orientation. 
Lower portion o f the image suffers from poor quality due to scanning problems. The four closely-spaced circles 
(highlighted) in the core are ablated pits from microanalysis.

The slight changes in contrast between subgrains underlines the differences in crystal 

orientation. In contrast to the ‘mantle’ of polycrystalline a-quartz, the core of the inclusion is 

notably completely free of features in the fore-scatter image.

SEM
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MicroRaman Spectroscopy

Analyses of the inclusion were carried out on a Renishaw Raman System 2000 instrument 

coupled to a Leica DM LM microscope. Excitation was initially by the 514 nm line of a 

Spectra Physics Ar ion laser, delivering approximately 5 mW at the sample. This excitation 

has proved the most effective when recording the Raman spectra of minerals. The intense 

Rayleigh scattering was essentially removed using holographic notch filters and stray light 

removed by a mechanical slit set to 50 micrometers. The weak Raman signal was passed to 

the Peltier-cooled CCD camera detector by an 1800 grooves mm'1 grating. Calibration of the 

instrument was achieved using a Ne emission lamp and a Si-wafer was used during analysis 

sessions to check for spectrometer drift. Spectral resolution was better than 2 wavenumbers. 

Acquisition times were up to 60 seconds and scans co-added in an attempt to improve the 

signal to noise. No polarised measurements were recorded.

Approximately fifty points were selected across the inclusion for the automatic collection of 

Raman spectral analysis. All spectra returned were featureless and noisy, except one, which 

gave a weak peak at around 425 cm '1. Typically, the spectra showed the constantly climbing 

response of luminescence obscuring any Raman features.

Further Raman analyses were carried out on the sample using the 785 nm line of a HeNe 

laser, supplying a maximum of approximately 6.3 mW at the sample. No polarised 

measurements were initially recorded. The longer excitation wavelength was selected in an 

attempt to avoid the electronic transitions that lead to luminescence. The Renishaw RM 1000 

was coupled to a Leica DM LM microscope with automated mapping stage. Two area 

‘mapping’ experiments were set up with a combined total of 1191 analysis points. The 

approximate area used for the mapping experiments is shown in Figure 6.5.
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Fig. 6.5. Suspected coesite inclusion surrounded by a-quartz. Mapped area indicated.

The mapped area covered a region of 90 micrometer by 65 micrometer. For the first 

experiment analyses were recorded on a grid with points spaced at 5 micrometers. The second 

was a more detailed experiment with analyses recorded on a 2.5 micrometer grid, i.e. closer to 

the spot size. The spectrometer’s slit width was set 50 micrometers and the grating had a 

density of 1200 grooves mm'1.

Although providing reduced spectral resolution this instrument configuration enabled a much 

greater portion of the spectrum to be recorded in a static scan, i.e. with the grating remaining 

stationary during data acquisition. With the grating centred at 600 cm'1 a ‘snapshot’ of the 

response from 200 cm'1 to 820 cm'1 is recorded. The lower density grating would still be 

capable of resolving the peaks expected from crystalline coesite. Using the longer excitation 

wavelength more features were observed in the Raman spectrum. Fig 6.6 shows a 

representative spectrum recorded with 785 nm excitation. The features are broad and there is 

still significant noise.
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Fig. 6.6. Representative Raman spectrum from suspected coesite inclusion.

The spectrum rises sharply at the low frequency end of the range presenting an intense 

continuum centred at approximately 380 cm'1. This is not a feature observed in the Raman 

spectra of crystalline materials. Another broad feature, centred at approximately 555 cm 1 is 

invariably present. Although quite weak in some spectra it becomes more defined in some of 

the mapping experiment analyses.

The most significant band in the spectrum is a moderately intense, asymmetric band centred 

at about 670 cm'1. Analysis of both the mounting medium used and that of the omphacite in 

the thin section reveal bands in both material’s Raman spectra that correspond with this 

frequency, as shown in Figure 6.7. However, if the mounting media were being excited by the 

laser a greater influence from the stronger Raman band at around 640 cm 1 and the band 

system above 740 cm'1 would be expected. This is not observed in the inclusion data. 

Similarly, given the high spatial resolution and high specificity of the laser spot it is highly 

unlikely that the omphacite is contributing to the Raman spectrum. Some of the sample 

spectra show low to moderate intensity, sharp bands occurring at 785 cm 1 and 738 cm'1.
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Fig. 6 .7 . R eference Raman spectra o f  om phacite and mounting medium.

Part of the mapped area includes regions of the mantle. These are easily identified as a-quartz 

from the Raman spectra by the intense 464 cm 1 band; characteristic of this polymorph, as 

shown in Figure 6.8. The band is seen to occur in some instances at the exclusion of the 

670 cm '1, 635 cm '1 and 560 cm '1 features and in some analyses a more positive correlation is 

observed.

The WiRE™ software used by the Renishaw instruments to process data allows maps 

showing the spatial distribution of selected data to be presented. Iterative curve-fitting to the 

multifile (the entire set of spectra files) created by a mapping experiment is a rapid process 

using modern computers. The data file created can then be manipulated to show a range of 

maps. Figure 6.9 shows the spatial distribution of the area under the 670 cm '1 band for the 

higher spatial resolution map. For comparison, Figure 6.10 shows the distribution of a-quartz, 

calculated from the area under the 464 cm 1 band.
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Fig. 6 .8 . Raman spectrum show ing characteristic Raman band o f  a-quartz.

The results clearly show that, for this region of the inclusion transformation to a-quartz is 

most complete in the lower right corner and along the cracks that can be seen in plane 

transmitted light. By comparison with Figure 6.9 it can be seen that the 670 cm 1 feature is not 

correlated with a-quartz.

Fig. 6 .10 . Map show ing area under 4 6 4  cm"1 band. 
W hite =  highest intensity.

Fig. 6 .9 . Map show ing area under 6 7 0  cm '1 band. Pale 
blue =  h ighest intensity. Map dim ensions 90  
m icrom eters by 65 micrometers.

The spectra recorded from the inclusion suspected of being coesite do not correspond to that 

expected from coesite or from a-quartz. As expected, a-quartz is detected as forming the 

mantle to the inclusion. As discussed, the spectra also do not suggest that the mounting media 

underlying the inclusion is contributing to the recorded data. EMPA analyses indicate that a 

silica compound is present in the inclusion, i.e. it has not been removed during the polishing 

process. This is supported by optical petrography and the Raman data, which would show the 

numerous strong bands of the organic mounting medium.
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The Raman spectra do show strong similarities with that of vitreous silica. Figure 6.11 shows 

the polarised Raman spectra of vitreous silica (after Galeenar, 1982a).

>
b
A
O.
£
V)t
Mc

500 1000
Raman shift (wavenumber c m 1)

Fig. 6.11. Polarised Raman spectra o f  vitreous silica. Note the 
positions o f  the two “defect” bands comm only observed in this 
material. ‘H’ refers to parallel polarisation and ‘V ’ to perpendicular 
polarisation. After Galeener (1982a).

6.5 -  Silica glasses (vitreous silica)

The strong similarities of the 785 nm Raman excitation spectra for the inclusion sample to 

that of silica glass warrants a review of the structure and spectra of vitreous silica.

Introduction

The molecular and vibrational structures of silicate liquids and their quenched glasses have 

been very successfully studied using spectroscopic methods, and Raman spectroscopy in 

particular (McMillan & Piriou, 1983). Although the vibrations in amorphous solids are not 

well understood (McMillan & Piriou, 1983) the spectra can be interpreted in a general way 

with the assignment of band groups to structural units and also allowing the comparison with 

models derived from other analytical or mathematical calculation models. McMillan (1984) 

provides a comprehensive tabulated summary of all the previous published Raman 

spectroscopic studies of silicate melts and glasses. He notes that for similar compositions the 

spectra are comparable, with the positions of bands agreeing to within five cm '1. Many of the 

studies of silica glasses form a part of greater studies of silica ‘joins’ with alkali or alkaline 

earth silicate systems (e.g. Taylor & Brown, 1979, Sykes & Kubicki, 1996). Silicate glasses 

play an important role in many geologically-important melt systems and spectroscopic studies 

have led to advances in mantle science. The properties of density, viscosity and heat content 

of magmas are the goal of glass/melt studies in geology. Although melts and glasses of a
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specific composition differ in their macroscopic properties, similarities in major spectroscopic 

features suggest that the vibrational structures are comparable (McMillan et al 1983) although 

some argue against the extrapolation of results. It is agreed upon that if the spectra of a glass 

and crystal are comparable then the molecular structures are also comparable (e.g. McMillan 

& Piriou, 1983) on a short and medium range scale (Calas & Petiua, 1983).

The structure of vitreous silica

Vitreous silica has been extensively studied in terms of its vibrational and molecular structure 

but is still not fully understood (McMillan, 1984). Numerous models have been proposed for 

a structure based on an interconnected network of corner-sharing SiC>4 tetrahedra (Sykes & 

Kubicki, 1996) as in the crystalline polymorphs; a-quartz (Bock & Su, 1970), (3-quartz 

(Narten In: Wang & Angel, 1976), (3-cristobalite (McMillan, 1984) and tridymite (Konnert & 

Karle, 1972, Dowty, 1987). Evidence from radial distribution curves and IR studies suggest 

that tridymite and silica glass share similar short-range order with up to 90% of the glass 

atoms forming tridymite-like regions (Konnert et al op. cit.). The same study points out that 

this supports a model of greater order than previously thought and that bonding between the 

regions differs from the crystalline form so that isotropic properties are created, probably by 

orientation differences and distortions.

The distinction between glassy or amorphous and crystalline states is the degree of ordering. 

Amorphous structures lack long-range order but possess short-range order. There is some 

disagreement over the degree of mid-range order possessed by glassy structures (Sykes & 

Kubicki, 1996). Short-range order could be in the form of small regions of crystalline-like 

ordered entities that are randomly bonded together or a random network of connected 

tetrahedra with Si—O bond distances that reflect those of their crystalline counterparts.

Figure 6.12 depicts highly simplified models of long-range and short-range structural order. 

Long range ordered structures have infinitely extending arrays of repeated structural units. 

Short range structure has been shown here as a random array of the same repeat units. Bond 

angles and bond lengths between structural units are highly varied. Medium range structural 

order can be considered as a state between long- and short-range order.
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V
Fig. 6.12. Simplified diagram showing difference between long- (left) and short-range order (right).

There is great controversy and disagreement over the nature of rings in silica glass. As Dowty 

(1987) attests, there have been ‘many arguments.... for and against almost any conceivable 

structure using many different techniques’. The SiC>4 rings in silica and silicate glasses have 

been extensively studied, both experimentally and from ab initio calculations (e.g. Galeener, 

1982a, 1982b, Uchino et al, 1998, Sykes & Kubicki, 1996, Sharma et al, 1981). Recent 

studies by Uchino et al (1998) support the earlier work of Galeener (1982b) who identified a 

structure incorporating planar 3- and 4-membered rings. Based on energy considerations the 

4- and higher-membered rings model of Sharma et al (1981) was shown to be unlikely.

Dowty (1987) advances the tridymite-like crystallite-based model of 6-membered 

interlocking rings with partially disordered intertetrahedral configurations. The structure of 

a-quartz is based on 6-membered rings and it will be recounted that coesite has a 4-membered 

ring structure.

The spectrum of vitreous silica and band assignments

The spectrum of vitreous silica appears in Figure 6.11. There is excellent agreement in the 

literature between observed and calculated silica and silicate glass spectra of comparable 

composition.

The relatively sharp bands marked ‘D f and ‘D2’ in Figure 6.11 have caused much discussion 

regarding their structural significance. The bands were not predicted by model calculations 

based on ideal structures (Bock & Su, 1970). It was only when structural ‘defects’ like broken 

bonds were considered that the predicted spectra incorporated these features. Hence the 

commonly used term ‘defect bands’ is used when discussing these features. The bands only
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appear in the spectrum of vitreous silica (i.e. they are not present when alkali or alkaline earth 

oxides are added to the composition) and are considered to be a characteristic feature 

(McMillan, 1984).

McMillan (1984) in a comprehensive review of the study of silicate melts briefly summarised 

the controversy to that date. Originally some considered the bands to reflect structural defects, 

and then the lower frequency, broad feature was related to the 430 cm' 1 band. Both bands 

were in turn ascribed to motions of small siloxane ring structures within the glass although the 

broken bond concept was invariably retained. Later defect models invoke doubly bonded 

Si—O linkages as the cause. More recent work has revived the 4- and 3-membered rings 

model to account for the 490 cm' 1 and 606 cm’1 bands. Uchino et al (1998) suggest that the Di 

band may in fact be composed of 490 cm' 1 and 495 cm' 1 features relating to vibrations of 

O3—SiOH and the “breathing mode”2 of 4-membered rings. Sykes & Kubicki (1996) 

similarly propose that the D2 peak may be the response of the breathing mode of the bridging 

oxygen (often referred to as Obr and as opposed to the non-bridging oxygen atoms O nbr) 

between silica tetrahedra in 3-membered rings although a ‘defect’ model of broken Si—O 

bonds and over-coordination of Si and O is still retained. The relatively narrow width and 

symmetry of the Dj and D2 peaks suggests that the modes responsible are symmetric 

vibrations of regular structural units.

Discounting the ‘defect’ bands the vitreous silica Raman spectrum can conveniently be 

divided into three regions. McMillan (1984) defines the high frequency region as that between 

800 cm' 1 and 1200 cm '1, mid frequency as 700 cm' 1 to 800 cm' 1 and low frequency as 

between 400 cm' 1 and 700 cm '1. Much of McMillan’s work on silica glass is derived from 

studies of the joins with alkali and alkaline earth silicate glasses and assignments are based on 

the positions, symmetries and changes with glass composition and the corresponding crystal 

spectra.

High frequency region

It is widely noted that vitreous silica has two depolarised bands in this region, at 1060 cm' 1 

and 1200 cm '1. It has been suggested (e.g. McMillan, 1984) that the latter represents two 

bands, at 1160 cm' 1 and 1209 cm '1. The bands are usually ascribed to asymmetric vibrations
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of Si—O stretching within the framework, although all the assignments are controversial. 

Other proposed models are that the bands represent two different structural units with 

different average Si—O—Si bond angles (Mysen et al In: McMillan, 1984), or that they are 

TO (transverse optic) and LO (longitudinal optic) components, which arise from symmetry 

considerations (Galeener & Lucovsky, 1976), or different Si—O stretching modes of the same 

structural unit. Although HyperRaman experiments support the existence of TO and LO 

waves in the glass it is commonly felt that more understanding of the dynamics of vitreous 

silica is required since the bands in this region are probably the key to understanding 

depolymerisation (McMillan, 1984).

Mid frequency region

Vitreous silica shows a weak, asymmetric band close to 800 cm'1. It is not highly polarised 

and may consist of two bands at 790 cm '1 and 830 cm '1 (McMillan, 1984). Isotope studies 

may confirm that the band is the result of motion of the Si atom against the tetrahedral ‘cage’ 

of possibly stationary O atoms (McMillan and Piriou, 1983). There appears to be some degree 

of agreement over this assignment.

Low frequency region

This region dominates the polarised spectrum shown in Figure 6.11. The band at about 

430 cm '1 is broadened and made more intense due to thermal population of the vibrational 

density of states (McMillan & Piriou, 1983). The effect is thought (Hass, 1970) to be related 

to temperature effects and so does not form part of the ‘real’ spectrum. Further broadening of 

the highly polarised 430 cm '1 band is caused by further shoulders at 280 cm '1 and 380 cm '1 

(McMillan and Piriou, 1983). This peak is assigned to the symmetric (since the band is 

strongly polarised) motion of Obr in a plane bisecting Si— O—Si with little or no motion of Si 

(McMillan and Piriou, 1983). Again, the vibrations are not well understood but it is believed

2 The term “breathing mode” is applied to the symmetric stretching vibration when applied to ring structures 
since the motion o f the ring o f Si— O— Si— O— Si—  etc. bonds can be likened to the ring ‘expanding and 
contracting’ as if it were breathing.
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that the frequency is dependent on the Si—O—Si and so may be sensitive to the degree of 

polymerisation.

6.6- Discussion

Petrographic studies and comparison with published accounts of coesite occurrence strongly 

indicates that coesite did exist as an inclusion in the omphacite grain shown above. Textural 

indicators including radiating cracks and palisade a-quartz in combination with the higher 

relief, size and shape of the inclusion suggest that the UHPM indicator did crystallise in this 

eclogitic suite. However, the spectroscopic evidence described above appears to indicate that 

if the inclusion did consist of the regular structural arrangement of crystalline coesite then 

some form of transformation to something other than a-quartz had occurred. The silica 

polymorphs are relative weak Raman scatterers but it usually possible to identify, at least, the 

symmetric stretching mode that falls between 400 cm '1 and 550 cm'1 even in microcrystalline 

samples or where there is strong contribution from a fluorescent species. None of the strong 

Raman bands indicative of the any of the silica polymorphs was detected in the inclusion.

If the inclusion sample were coesite we would have expected a strong band at 521 cm 1 and 

possibly other, weaker bands as described in the literature. None of the many hundreds of 

spectra recorded from the inclusion indicate a band that corresponds to that of coesite. On this 

basis and even with the textural features, the inclusion cannot be unambiguously identified as 

coesite.

Similarly, the sample is not believed to be completely a-quartz for the same reasons, i.e. the 

characteristic band of a-quartz is only detected in regions of the mantle surrounding the 

inclusion. Some workers have noted a total transformation from coesite to a-quartz and this 

would be expected from the textural features including radial fractures and palisade quartz. 

Certainly some regions within the inclusion are a-quartz as evidenced by the appearance of a 

weak feature at 465 cm '1, a-quartz probably exists as very discrete islands within the 

inclusion; a conclusion also reached by Boyer et al (1985). Crystallite sizes may be smaller 

than the spot size since the 670/638 cm '1 bands do appear in the same analyses. Islands may 

be linked on a sub-microscopic level by fractures not resolvable by the microscope.

86



6 -  Suspected coesite inclusion

In a study of the stishovite polymorph from Meteor Crater, Skinner et al (1963) describe the 

rapid transformation to an amorphous silica phase that is a transition between the high-density 

polymorph and other crystalline forms (coesite and quartz in their example). The isotropic 

amorphous phase is described as resembling pure synthetic glass and silica glass ‘in all 

measurable ways’, with very close refractive index values and identical XRD patterns to silica 

glass. Quartz, cristobalite and tridymite are all known to invert upon heating to glass at 

different temperatures. It is also noted (Skinner et al op. cit.) that grinding can provide the 

activation energy required for this thermal degradation transformation. The glass from the 

Meteor Crater assemblage is thought to have been produced from the breakdown of stishovite. 

As the 360 kbar to 600 kbar stresses from the impact were relieved temperatures in the rock 

rose rapidly, melting some of the stishovite.

Other minerals are known to attain glassy states. Best known of these is zircon that is known 

to transform to glassy state via a mechanism of a-particle recoil damage to the lattice. This 

mechanism is not considered likely here since a source of radiation would have to be within 

about 50 micrometers thus restricting it to the omphacite host grain.

Considerable research has been carried out in to the vibrational spectroscopic features of 

synthesised silica and silicate glasses. Some of the work has been summarised above. The 

Raman spectroscopic data recorded from the inclusion appears to have more in common with 

the spectra of glasses than with crystalline solids. Deviation from the published spectroscopic 

data for silica glasses and the sample spectra, if indeed it is a silica glass, may be explained by 

the differences in the nature of the two sample sets: the inclusion sample was originally a 

naturally occurring crystalline solid and the published work on silica glasses are either purely 

theoretical or based on synthesised compounds.

It is difficult to draw many parallels with the published work on silica glasses since the 

current work does not include the high frequency region of the Raman spectrum, identified as 

the region of several distinctive glass Raman bands.

The mid frequency region does have weak asymmetric bands that could correspond to 

motions of the Si atoms against tetrahedral cage (McMillan & Piriou, 1983).



Matthew J. Bloomfield Applications o f Raman spectroscopy

The low frequency region of the sample spectra may have contributions from fluorescence 

(i.e. from thermal emission). However, such fluorescence might be expected to be much 

stronger than the observed signal and the shape of the curve would be different. The design of 

the holographic notch filters employed as Rayleigh rejection components have a very steep 

profile close to the cut-off around 150 cm’1. Furthermore, fluorescence often overwhelms the 

entire spectrum, masking all the features. In contrast to this, weak bands are noted in other 

parts of the spectra. The observed broad band is at lower frequency than that observed in 

vitreous silica. This may be a reflection on the Si—O— Si bond angles and lengths compared 

to those from synthesised silica glasses. The frequency of this broad band depends on the 

number of SiC>4 units in the ring structure. Rings with > 4 members have bands that lie below 

430 cm’1 (Sykes & Kubicki, 1996) since their Si—O— Si bond angles are greater than lower 

order rings. The broad band observed could thus be explained by a highly disordered network 

of SiC>4 units with a range of ring structures with greater than four members. Although 

energetically unfavourable (Galeener, 1982b) the structure could be retained by ‘freezing’ the 

puckered state.

The lack of relatively sharp bands that might correspond to the Di and D2 defect bands may 

be explained by the lack of regular structures, i.e. the 2, 3 or 4 membered rings thought to be 

responsible for these bands. However, the origin of these bands is not clear and highly 

debated.

In the present study the refractive index (RI) of the inclusion is significantly less than that of 

the surrounding a-quartz (1.54) from Becke line tests. Skinner et al (op. cit.) measured the RI 

of transition glass at 1.461.

Geological significance

For coesite to be preserved at the surface quite unique conditions must have been in operation. 

The inherent instability of the polymorph requires that the mechanism by which the parent 

rock is transferred from great depths, of the order of 100 km (e.g. Hacker et al In: Coleman 

and Wang, 1995), closely follows the equilibrium conditions shown in Figure 6.1. Where 

coesite has been preserved, in the published studies cited, the inclusion pressure has been 

buffered back to the equilibrium (or to the coesite stability field) by the competence of the 

host grain. At very elevated inclusion pressures, maybe three times that operating on the
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whole rock, the integrity of the host is overcome and it fails. Cracks appear in the grain at the 

comers of the inclusion where pressure is greatest and extend in to the host. Transformation to 

a-quartz ensues; quite rapidly at elevated temperatures and in the presence of fluids but more 

sluggishly at lower temperatures. The P-T path that is most favourable to the preservation of 

coesite, and is most plausible geologically, is one of steady decompression and cooling (Gillet 

et al, 1984). It is important that the exhumation process does not involve heating since even if 

the decompression was steady, an increase in the temperature, as models of denudation and 

erosion suggest (Gillet et al, 1984 and Hacker et al op. cit.), would force the system into the 

quartz stability field. A successful model must then invoke tectonics as the main exhumation 

driving force or a combination of erosional and tectonic processes (Hacker et al op. cit.). 

Thrusting and tectonic thinning due to extension has been proposed but the model of 

continued subduction beneath a detached eclogite unit is plausible. It allows exhumation to 

occur at relatively fast or slow rates and permits cooling by depressing the geotherms (Hacker 

et al op. cit.).

In the present study neither coesite nor a-quartz now constitutes the inclusion that the textural 

features and literature studies imply was once coesite. Studies by Raman spectroscopy 

indicate that the inclusion does not possess the long-range structure and fully depolymerised 

network of silica tetrahedra of coesite. Discrete islands of a-quartz appear to exist within a 

seemingly amorphous atomic arrangement, possibly consisting of 4-, 5-, 6- or higher 

membered siloxane rings. Revised geological conditions of exhumation for the eclogite parent 

rock should account for this.

Naturally occurring amorphous forms of silica exist. Lechatelierite is the name given to the 

glassy silica that occurs in fulgarites -  preserved lightening strikes in quartz-rich soils. Libyan 

desert glass is the term used for amorphous silica formed by meteorite impact on Earth.

Whilst chemically (i.e. high purity) and structurally the sample in the present study may be 

very similar to that of the mineraloid, it is not thought it formed under these forms of extreme 

temperature and pressure.

The silica polymorphs quartz, tridymite and cristobalite are known to invert to glass at various 

temperatures. An intermediate glass transition phase was shown to exist (Chaklader &

Roberts In: Skinner & Fahey, 1963) between quartz and cristobalite. Stishovite has been 

shown to invert and it can be expected that all the silica polymorphs can similarly become
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amorphous on heating. It is possible that the sample under study represents a quenched, 

partially-inverted coesite-to-quartz transformation; the discrete islands of a-quartz 

representing relics of an incomplete transformation as the coesite structure broke down upon 

incipient crack formation in the omphacite. Rapid, tectonically-driven uplift and erosion may 

have resulted in the rupture of the omphacite host at low temperatures and the ‘freezing’ of 

the possible transitory state observed in the rock.

Amorphous silica caused by the excessive heating and subsequent melting of pre-existing 

quartz is not favoured. Had this occurred we might expect to see more evidence of the 

amorphous state in other grains in the rock. However, the grinding of the sample may have 

provided the required energy to disturb the metastable coesite structure had it been preserved 

as a relic surrounded by the a-quartz mantle we observe. Nothing is known about the rates of 

this reaction although stishovite was shown to invert to glass due to grinding within hours 

(Skinner & Fahey, 1963).

6.7 -  Conclusion

In situ micro-analytical methods provide the only means of analysing this inclusion sample. 

MicroRaman spectroscopy has been shown to add significantly to the knowledge of this 

inclusion than had only EMPA and SEM techniques been applied. Whilst somewhat 

inconclusive, the spectroscopic data suggest that neither the preservation of pristine coesite 

nor the transformation of coesite to a-quartz occurred, as might have been expected. This 

information could be useful in determining aspects of the geological history of the host rock 

suite.

Textural evidence presented strongly suggests that the inclusion was coesite when it formed at 

great depth. Detailed analysis suggests that the inclusion has attained a largely amorphous, 

structureless state although discrete islands of a-quartz, the energetically favoured polymorph 

at surface conditions, exist. The size of these islands is beyond the spatial resolution of the 

instrument, i.e. less than 2 micrometers and probably considerably smaller than this.

The inclusion may represent a transition phase between coesite and a-quartz. Assuming that 

the coesite originally had a regular network structure as described above, sudden

decompression due to the incipient cracking in the host pyroxene may have bought about
__ ..
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polymerisation into rings of silicate tetrahedra with varying degrees of order (i.e. the number 

of Si members). Broken bonds may also contribute to the spectra. The system may have been 

quenched by rapid decompression and cooling, freezing the incomplete transition to quartz.

In light of the findings of this study it is possible that previously published ‘unambiguous’ 

identifications of coesite based on the presence of textural information alone may have been 

incorrect. Exhumation mechanisms for the rocks that contain these inclusions may need to be 

re-evaluated in light of this. Raman spectroscopy is the only unambiguous method by which 

similar inclusions may be analysed in situ and should always be used when attempting to 

unequivocally report the occurrence of coesite.

The molecular and vibrational structure of silicate glasses is not well understood. It is a 

complex arena with highly conflicting arguments for the various models. A greater 

understanding of the kinetics of silica transitions and more detailed analysis by spectroscopic 

and XRD methods would help greatly in understanding the mechanism by which coesite has 

attained a seemingly amorphous state.

6.8 -  Further work

Evidently, further analysis is required to characterise the nature of the inclusion. The 

microRaman analyses in this study used a static scan for improved efficiency over continuous 

extended scans and also because of the time advantage offered. The spectral region was 

selected such that the region in which the A\ for silica minerals would be well covered. From 

a review of the Raman spectra of silica glasses it would be insightful to study the region of the 

Raman spectrum beyond 800 cm"1 and also to perform polarisation measurements.

Raman spectroscopy has been selected for the determination of the nature of silica inclusions 

in many studies. It allows the non-destructive in situ analysis from a petrographic or polished 

thin section. The solution to the identification of the inclusion under study would almost 

certainly have been most effectively solved by XRD analysis. However, this requires that the 

sample be a single crystal or ground to a powder. Obviously, in this case XRD was not an 

applicable method. The following are other analytical methods that may have provided useful 

information:
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TEM

Transmission Electron Microscopy also includes the related techniques EELS, HRTEM and 

Electron Diffraction. Based upon the sample’s interaction with a tightly-focused beam of 

electrons, the methods permit the very high spatial resolution investigation on a nanometer 

scale. The techniques essentially record elemental information. The sample preparation 

requires electron-thinning to the order of nanometers. TEM analysis would provide 

information about lattice defects and the order of the atomic lattice. Spot size of around lnm 

and magnifications of 106 possible. Information in the form of images can provide detail 

about defects and dislocations in crystalline materials.

SNOM, AFM, STM

These related techniques provide subwavelength resolution of the topographical features of 

the sample. The atomic-scale deflections of an extremely fine probe tip are used to map the 

positions of individual atoms. The method could provide useful data on the atomic order of 

the inclusion.

NMR
29Si MAS- (Magic Angle Spinning) NMR is a technique that allows structural refinement of 

Si-bearing crystalline and amorphous compounds. Spectral information can be used to suggest 

local bonding environments, bond lengths and angles. An advanced analytical technique, it is 

widely available and it is not known in what format the sample must take.

IR spectroscopy

This vibrational spectroscopic technique is akin and somewhat complimentary to Raman 

spectroscopy. As with Raman spectroscopy, energy associated with the vibration of atoms in 

a molecule corresponds to the infrared region of the electromagnetic spectrum and is 

recorded. Since it is change in the dipole moment of the functional groups on excitation that 

give rise to the spectrum, the response might be expected to be similar, but not identical to 

that obtained by Raman spectroscopy. IR studies have proved useful in the assignment of 

bands to vibrational modes in both crystalline and non-crystalline materials. Calculated 

spectra agree well with experimental spectra in the study of the silica polymorphs and glasses. 

Characteristic absorption features are well known for both the silica polymorphs. Analysis by 

absorption IR and most reflectance experiments require the sample to be ground to a powder.
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ESI (Electron Spectroscopy Imaging)

This chemical technique is used to provide elemental distribution maps of very high 

resolution, in the order of nanometers. It may be possible to interpret the data to provide 

structural information.



Chapter 3 -  Crystal structure investigations

This chapter comprises sections 7, 8 and 9 of the current work. MicroRaman 

spectroscopy is a highly sensitive technique for studying the structure of crystalline 

materials.

Case studies are presented in which the Raman spectra of biotite, cubic zirconia and 

zircon are used to comment on structures and defects that arise in samples used.

The different approaches to using Raman spectroscopy that are available using this 

instrument are employed.
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7 -  Inclusion haloes in biotite
This is the first case study to investigate the use of Raman spectroscopy in the elucidation of 

crystal structural changes on a micro scale. By offering a non-destructive analysis on a 

petrographic thin section it may present a powerful analytical tool. The common pleochroic 

‘haloes’ observed in biotite grains appeared to present an accessible example.

7.1 - Introduction

Biotite is a ubiquitous component of intermediate and acid igneous plutonic rocks and may in 

some cases may be the chief ferromagnesian mineral. Additionally, it also occurs in some 

basic igneous plutonic rocks and is a common constituent of metamorphic rocks formed over 

a wide range of temperature and pressure conditions. Biotite is one member of a group whose 

members show “considerable variation in chemical and physical properties” and, by nature of 

their structure, all members exhibit a “platy morphology and perfect basal cleavage” (Deer et 

al, 1962).

Inclusion haloes

Diffuse black haloes surrounding inclusions in biotite are a common feature, often attributed 

to inclusions of zircon or other minerals containing elements in the U-Ra and Th-Ac series’. 

Until very recently they had received very little attention within the published literature; the 

unchallenged view was that the inclusions were zircons, rich in radioactive elements and that 

this was the cause of the haloes. MicroRaman spectroscopy appeared to be the only way to 

simply characterise both the nature of the inclusions and the structure of the surrounding 

biotite grain. A thorough literature review revealed no published work on the subject and so 

samples were gathered and experimental work carried out. Unbeknown to the author, it 

appears that a similar but more extensive study was under way by Lutz Nasdala at the 

Institute of Geosciences, Johannes Gutenberg University in Mainz, Germany. The results of 

the study were published in 2001, during the course of the present investigation.

Biotite chemistry and structure
The general chemical formula for micas is X2Y4-6Z802o(OH,F)4. The structure is capable of 

supporting many different elements in the X, Y and Z sites. Common X species are K, Na 

and Ca but also Ba, Rb and Cs may be present. Al, Mg and Fe are usually found in the Y site 

although Li and transition elements like Mn, Cr and Ti can satisfy the charge balance. Ti
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and Fe3+ may substitute for Si and Al in the Z site. The general formula of biotite is given as 

K2(Fe2+,Mg)4-6(Fe3+,Al,Ti)o-2(Si6-5,Al2-3)02o-22(OH,F)4_2 (Deer et al op. cit.). It is important to 

note that biotite is an Fe-rich mica. Deer et al (1962) collated many chemical analyses 

displaying varied compositions and list total Fe wt % values between 15% and 35% (biotites 

may be subdivided on their Fetot and Mg content. The most Fe rich are called lepidomelanes). 

Fe plays a significant role in the body colour of biotite. Where the ratio of 

Fe203/(Fe203+Fe0 ) to TiC>2 is high, a greenish colour is observed and reddish brown where 

the ratio is low (Deer et al op. cit.).

The structure of biotite, and the monoclinic mica family of minerals, is based on a composite 

sheet. Identical layers of sheets are repeated and stacked on top of each other perpendicular to 

the z-axis. Each composite sheet comprises of a layer of octahedrally coordinated cations, the 

X-site K ions, bonded to the apical oxygen atoms of two facing (Si,Al)04 tetrahedra. The 

tetrahedra are linked by the three bridging O atoms to form a hexagonal mesh parallel to the 

cleavage. It is this feature that is responsible for the perfect cleavage. Each tetrahedron in 

linked to form a six-membered ring, each of which is connected to another six symmetrically 

equivalent six-membered rings (Tlili et al, 1989). Figure 7.1 shows the plan of the hexagonal 

mesh structure, looking down the z-axis.
Bottom Si20 6 layer
Top Si2Os layer

Q X ions below bottom layer

O  X ions above upper layer 

Additional hydroxyl ions 

Octahedrally coordinated cations 

Fig. 7.1. Plan view o f phyllosilicate structure. Reproduced from Deer et al ( 1962).
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Y cations (Fe,Mg,Al) are located in the two octahedral sites between the composite sheets. 

They form a tri-octahedral layer with each cation coordinated to apical, non-bridging O atoms 

and two OH (F may be included) groups that substitute for O. Figure 7.2 depicts the structure 

looking along the y-axis. Chemical data in Deer et al (1962) suggests that (OH,F)tot may 

comprise up to 5 wt% (by difference).

Fig. 7.2. y-axis view o f biotite structure. The simplest unit cell is indicated. Reproduced from 
Deer et al (1962).

Raman and vibrational spectroscopy of layer silicates

The lattice-layer silicates have not received a great deal of attention within the field of 

vibrational spectroscopy, particularly so with Raman spectroscopy. Silicate minerals in 

general are poor Raman scatterers (Griffith 1974) and it was recorded by White (1986 in Tlili 

et al 1989) that of the silicate minerals, micas gave poor Raman responses; an opinion 

recently emphasised by Nasdala et al (2001). Tlili et al (1989) used visible excitation in a 

systematic microRaman study of the tri-octahedral micas (although notably this did not 

include biotite). These workers cited the few previous Raman studies of phyllosilicates to 

date. These include Rosasco and Blaha (1980) on talc and Haley et al (1982) on muscovite 

and vermiculite. Considerably more work has been done using IR methods and references for 

these studies can be found in Tlili et al (1989).

McKeown et al (1999a,b) presented thorough vibrational analyses of phlogopite and 

muscovite. Bands observed in their polarised FT-Raman spectra were correlated to those 

calculated using FGA and force constants, with good agreement. Their calculations on
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phlogopite structure are most relevant to this study. They calculate 27 Raman-active 

fundamental modes for phlogopite and clearly observed 18 of these. Eight of the predicted 

modes were calculated to be common to both Ag and Bg modes and some were beyond the 

spectral range of the instrument. Despite reportedly using FGA to calculate the expected 

frequencies of the molecular vibrations, Tlili et al (1989) interpreted their spectra on the basis 

of crystal chemical features and the spectral variation with composition. McKeown et al 

(1999a) were more rigorous in their approach. Lattice dynamics and force constants were 

used to compute the expected frequency of the Raman-active fundamental modes. The results 

are quite detailed and are not fully reproduced here. McKeown et al (1999a) categorised the 

Raman bands in to three groups of ‘eigenmodes’ as those:

• above 850 cm'1 - localised T—O stretching and O—T—O bending that are internal to the 

sheets

• 350 cm' 1 to 850 cm' 1 -  T4O 10 and M2 octahedra bond stretching and bending

• below 350 cm' 1 -  dominated by lattice modes where long-range motions of the T4O10 

sheet mix with M2 and (OH,F) displacements.

(where T is the tetrahedral site within the sheets occupied by Si or Al and M2 is one of the 

octahedral sites between the sheets occupied by Mg in phlogopite). In the absence of a similar 

detailed study of biotite, the work on phlogopite serves as a good proxy. The chief difference 

between the minerals lies in the Mg:Fe ratio so Raman spectra can be expected to differ only 

slightly. This observation was found by Nasdala et al (2001). ‘Moderate’ shift differences 

were accompanied by a significant splitting of a major band around 680 cm’1 in the 

phlogopite Raman spectrum into three separate bands in the biotite spectrum. The 

explanation offered was the diverse occupation of octahedral sites in the biotite structure 

compared to that of the phlogopite structure.

It might be said that the Raman spectra of biotites are difficult to interpret because there is 

considerable mixing of internal sheet vibrations with octahedral site displacements in the 

350 cm' 1 to 850 cm' 1 range. McKeown et al (1999a) interpret the resulting broad and clearly 

overlapping bands as reflecting the coupling between the tetrahedral sheets and their 

surrounding environment. Accordingly, these workers do not attempt to assign any empirical 

bands to vibrations in the lattice mode region.
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Biotite presents certain analytical difficulties when Raman spectroscopy is used. Nasdala et 

al (2001) described it as a “challenging task”. In their comprehensive study of the vibrational 

spectra of tri-octahedral micas, Tlili et al (1989) did not include biotite. Considering the 

widespread occurrence of this mineral in many igneous and metamorphic rocks, this omission 

provides an insight into the analytical difficulties. From the nearly Fe-free micas that were 

studied, they noted high background noise, high fluorescence and strong absorption as 

elements that affected the quality of the spectra. The acquisition of Raman spectra from 

coloured micas led these workers to suggest that it is the total absorption that is important, 

not the colour. Amongst the comprehensive list of analytical tools used to study radiohaloes 

in biotite (confocal microRaman, EMPA, HRTEM, X-ray diffraction and Mossbauer 

spectroscopy) Nasdala et al (2001) compared the optical absorption spectra of both unaltered 

biotite and that from the radiohaloes. They found that both the unaltered biotite and the 

regions in the haloes exhibited very strong absorption that increased towards shorter 

wavelengths. This accounts for the noted difficulty in using visible excitation for 

microRaman spectroscopy of these materials. In addition, the halo region was observed to be 

more strongly absorbing than the unaltered crystal. In the studies by McKeown et al (1999a) 

the workers failed to record sufficient quality Raman spectra from phlogopite using 514 nm 

excitation. Despite using a Nd:YAG delivering 600 mW to the instrument, these workers had 

to co-add 640 fluorescence-free scans to achieve the desired quality of data. Similarly, using 

30 pW of 514 nm excitation, Nasdala et al (2001) spent many hours acquiring single point 

spectra from the samples.

7.2 -  Sample

The leucocratic Bodmin granite is a two-mica granite, with muscovite the other sheet silicate, 

indicating a peraluminous bulk chemistry (Deer et al, 1992). In thin section the micas are 

easily distinguished. The biotite flakes are strongly pleochroic with maximum light 

absorption occurring parallel to the (001) plane. Many of the grains display diffuse pleochroic 

haloes.

The microinclusions show no preferred mode of distribution in the biotite. They are not 

always present are rarely appear to attain sizes greater that 50 micrometers. Haloes typically 

seem to show a maximum radial extent of around 40 micrometers around the inclusion. This 

observation was also made by Nasdala et al (2001) in biotites from stuarolite gneiss

99



Matthew J. Bloomfield Applications o f Raman Spectroscopy

(Spessart, Germany), quartz diorite (Bavarian Fichtelgebirge, Germany) and in macrocrystals 

of biotite (Horni Slavkov, Czech Republic) who provide Monte Carlo simulations to explain 

the apparent constant width.

The biotite haloes in the Bodmin granite all appear to be identical in form. Larger inclusions 

appear to be surrounded by thicker, darker haloes than smaller inclusions. Nasdala et al 

(2001) further observed that the intensity of the halo was a function of the actinide content of 

the inclusions. The shape of the haloes is close to circular and they have no features within 

them. At the halo edge they become suddenly more diffuse and then grade very sharply to the 

unaltered host biotite. In some of the haloes it is impossible to distinguish the inclusion. 

Figure 7.3 displays the appearance of a typical biotite grain in the Bodmin Granite. In cross

polarised light the strong absorption of the biotite is noted. Nasdala et al (2001) recorded a 

variety of radiohaloes. Differences in intensity of the colouration, presence of zonation and 

distinct annular features were attributed to differences in actinide content.

Fig. 7.3. Image o f  typical biotite grain from Bodmin Granite. Note the pleochroic haloes. PPL.

7.3 -  Experimental

Raman analyses were carried out on a Renishaw System 2000 instrument using uncovered 

petrographic thin sections. Experiments with visible excitation were carried out prior to the 

publication of the work of Nasdala et al (2001). A transmitted light source, condenser and 

polariser were fitted to the Leica DMLM microscope. This greatly facilitated the locating and 

selecting of suitable biotite grains and radiohaloes. Excitation was by a Spectra Physics 514.5
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nm Ar+ laser, the 632.8m line of a Renishaw HeNe laser, a 782 nm Renishaw diode laser and 

also a Renishaw High Power diode laser operating at 785 nm. The visible excitation sources 

delivered a maximum of ~5 mW at the sample via a 50x objective. The maximum power 

available at the sample from the near-IR laser is around 60 mW. Rayleigh scattered radiation 

was removed using two holographic notch filters. The visible dispersive instrument used a 

grating with 1800 grooves per mm and 1200 grooves per mm with near-IR excitation. The 

system was calibrated using the 520 cm '1 band of a Si wafer reference standard. The wafer 

was repeatedly analysed to monitor spectrometer drift. Acquisition times for the samples 

were typically thirty second scans over the range 100 cm 1 to 2000 cm"1 with the spectra co

added up to ten times to improve signal to noise. Despite the co-adding the spectra had poor 

ratios of signal to noise. However, as Bowie et al (2000a) point out, dark noise associated 

with the CCD detector is improved as the square root of the number of scans recorded. It is 

clear, then, that ten accumulations for a poor Raman scatterer is insufficient.

It has already been stated that of the silicates micas are poor Raman scatterers. Difficulties in 

analysing biotites are compounded by the problem of excessive fluorescence when using 

Raman spectroscopy. The strong red/brown body colour of the biotite and the dark colour of 

the haloes led to marked absorption and fluorescence, swamping much of the Raman signal. 

The effect was more so with red, 633 nm excitation than with the green, 514 nm excitation. 

Spectra can be baseline-corrected using the GRAMS® software package although this should 

be used with caution to avoid the introduction into the data of artificial features.

Some experiments were carried out using the 782 nm excitation provided by a solid-state 

laser. Theory suggests that longer wavelengths are preferable since they do not coincide with 

the electronic transitions that lead to fluorescence (Bowie et al, 2000a). Also, data presented 

by Nasdala et al (2001) suggest that absorption in biotites and their radiohaloes is 

dramatically reduced with longer excitation. However, the greater power density of the near- 

IR lasers is more likely to induce sample heating. No qualitative experiments were carried out 

but Nasdala et al (2001) and others, point out the readiness with which biotites are observed 

to degrade due to laser energy absorption. Spectral results obtained using confocal 782 nm 

excitation indicate that in the low wavenumber range the peaks were of comparable quality to 

those obtained using 514 nm excitation. However, the near-IR excitation is more sensitive to 

the glass used for the thin section. The glass Raman spectrum is characterised by a very
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strong, broad and asymmetric spectral feature at around 1400 cm 1 with a FWHM of some 

200 cm '1. This feature is not seen using the 514 nm, partly because the shorter, visible 

excitation does not coincide with the long-range order of the glass structure and also because 

the penetration depth below the surface of the sample using visible excitation is less than that 

of the near-IR excitation. The spectra with the highest signal to noise and least fluorescence 

were obtained with 514 nm excitation.

Initially, continuous extended grating scans were run over randomly selected points on the 

biotite and within the radiohaloes. No polarising components were used. McKeown et al 

(1999a,b) note the negligible difference in the two configurations z(y,y)z and z(y,x)z in the 

analysis of phyllosilicates unless the crystal is oriented such that the laser is incident along 

the c-axis. In this instance, differences can be significant. Line-mapping scans were also run 

with equally spaced analysis points passing from unaffected regions of the biotite crystal 

through the halo to the inclusion. Haley et al (1982) note that when analysing sheet silicates 

by Raman spectroscopy diffraction of the incident light source may occur in the sample. 

Diffraction of this nature could lead to ambiguous spectra since Raman activity may be 

recorded from regions surrounding the point of interest. Good spatial resolution is required 

since the Raman spectra from selected points in the biotite radiohaloes appear to show 

extensive heterogeneity on a micrometer scale. To ensure that the Raman signal was recorded 

from a discrete volume only, the instrument was set-up in confocal mode with visible 

excitation. This optical arrangement is commonly used when analysing fluid inclusions in 

mineralogical samples and is discussed elsewhere in this study. Despite Raman signal 

throughput being greatly reduced in this optical arrangement, this effect can be accounted for 

by increasing the exposure time of the analyses or by recording and co-adding more 

accumulations. Repeated line map experiments were run and analyses recorded at five 

micrometer steps from the unaffected biotite to an inclusion.

EMPA experiments were carried out on the same polished thin section used for Raman 

analyses. Where possible, the haloes used for EMPA analysis were also those used for 

MicroRaman analysis. A JEOL 8600 Superprobe consisting of three spectrometers, gas-flow 

and sealed chambers was used. The microprobe was operated at 15 kV accelerating voltage 

and a filament current of 30 nA. Only information derived from traverses through the biotite 

crystals of interest was recorded. The spot size was reduced to five micrometers diameter to
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7 -  Inclusion haloes in biotite

reduce overlap and the signal from the respective inclusions on each traverse. Typical 

traverse step sizes were five micrometers. Inclusions were located using the back-scattered 

image and their identities confirmed using the WDX facility.

7.4 - Results

MicroRaman spectroscopy
Inclusions analysed yielded spectra that most closely match those of monazite and apatite. 

Some zircons were also detected. Hutton (in Deer et al 1962) recorded that the commonest 

inclusions that lead to radiohaloes are monazite, xenotime and apatite. The monazite 

inclusion shown in figure 7.4 is approximately ten micrometers in its longest dimension. The 

intense peak close to 974 cm' 1 is typical of the P—O stretching frequency of phosphates (also 

vanadates [V—O] and arsenates [As—O]). The spectrum recorded from this monazite is 

shown in figure 7.4. Monazites are rather rare accessory phases in granites and other acid 

igneous rocks. The chemical formula (Ce,La,Th)PC>4 allows substitution of other rare earth 

elements of the Th-Ac series into the monoclinic structure. The numerous peaks in the 

spectrum are reasonably sharp and intense and suggest that the inclusion has not sustained 

any damage due to self-irradiation. The apatite group has the formula Ca5(P04)3(0 H,F,Cl) 

and represents the most abundant P-bearing group of minerals. Substitutes for Ca have been 

found to include trace levels of Sr and the lighter Y group of rare earth elements (Deer et al,

1992). They are common accessory phases in igneous rocks. Neither spectrum is similar to 

that of zircon, a more common accessory phase than monazite in granites.

Several biotite grains from a single thin section were analysed with 514 nm excitation. 

Spectra recorded from radiohalo-bearing grains, and biotite showing no haloes, were 

identical. The representative biotite spectrum closely matches the reference biotite in the 

Renishaw Raman Database of Minerals and Inorganic Materials as seen figure 7.6. The major 

differences are in the relative intensity differences in the bands at around 187 cm '1, 555 cm' 1 

and 675 c m 1. The latter appears as a shoulder to the band at 725 cm' 1 in the sample but 

appears more isolated in the reference spectrum. Rosasco and Blaha (1980) attribute this band 

in talc to the totally symmetric stretch of the SiC>4 tetrahedra, based on its coincidence with 

other silicates, e.g. pyroxenes. These differences can probably be ascribed to the relative 

orientations of the sample and reference crystals. Based on the work of Rosasco and Blaha 

(1980) the band at around 770 cm^may be associated with asymmetric stretching of the SiC>4
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tetrahedra and the weak, broad feature just above 1000 cm' 1 to asymmetric stretching of the 

Si—O—Si linkages. Two inclusions in biotite and their respective haloes and regions of 

unaffected biotite were also analysed.
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Fig. 7.4. Raman spectrum o f monazite microinclusion. Inset: white light image o f  inclusion and 
halo.
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Fig. 7.5 Raman spectrum o f analysed apatite inclusion. The fluorescence has been subtracted for clarity. 
Note the dark halo around the inclusion in the inserted white light image.
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Fig. 7.6. Biotite Raman spectrum from sample (purple) and that from a biotite in the Database 
(red).

Several discrete points within the radiohaloes were analysed, again with 514 nm excitation. 

They gave markedly different spectra to those obtained from unaltered biotite. Figure 7.7 

compares typical spectra recorded from the two separate regions. The radiohalo spectrum 

(lower spectrum in Fig. 7.7) has only weak, very broad Raman bands. This contrasts with that 

of the unaltered region (upper spectrum in Fig. 7.7) that has moderately strong, moderately 

sharp bands. This suggests that there has been significant modification of the biotite
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Fig. 7.7. Raman spectrum of normal biotite (upper trace, red) and the dark halo regions (lower trace, green). 
Neither spectrum has been baseline corrected for the effects o f  luminescence.
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structure in the halo areas. The severe loss of intensity and spectral shape in the low 

wavenumber, ‘lattice region’ of the spectrum suggests a loss of order in the structure. As 

noted above, this portion of the Raman spectrum concerns the motions of the (Si,Al)40 io 

network, the M2 octahedra and the long-range lattice modes. Loss of intensity and Raman 

band shape is indicative of the metamictisation observed in some zircon crystals. The 

differences recorded above were repeated in other radiohaloes.

An integral part of the mica structure is the presence of inter-sheet hydroxyl ions. By 

analysing the OH-stretching regions using the technique we might expect to see further 

evidence of any crystal structural differences or modifications between the normal and halo 

biotite. In recent work, Nasdala et al (2001) pursued the same rationale. Figure 7.8 shows the 

Raman shifts of the normal biotite in the O-H stretching range 3500 cm' 1 to 3800 cm '1. Figure

7.8 clearly shows moderately intense bands attributable to the OH-stretching mode at 

approximately 3655cm 1 and at 3601cm'1, recorded with 514 nm excitation. The peaks are 

broad which may suggest a composite of multiple bands. This might reflect a range of bond 

angles and bond lengths. The positions of these two bands are in close agreement with those 

observed recently by Nasdala et al (2001). Additional weak peaks may be hidden by the 

noise. The signal to noise is low due to the confocal arrangement and the inherent weakness 

of OH as a Raman scatterer. The spectrum shown is the result of ten co-added 45 second 

exposures. OH groups occur in different positions and orientations within the phyllosilicate 

structure (e.g. Haley et al 1982) and it might be expected that other bands would be present in 

a more extended portion of the spectrum.
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Fig. 7.8. Raman spectrum o f the OH stretching region o f  normal biotite grain 
(confocal mode).
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Fig. 7.9. Raman spectrum of the OH-stretching region o f the dark halo region (confocal 
mode).

Figure 7.9, recorded from the halo, shows none of the features of figure 7.8. Experimental 

conditions were identical between the respective experiments and the results seen in figure

7.9 are typical of the radiohaloes in the thin section. The spectrum clearly indicates the 

absence of interlayer hydroxyls in the halo.

Several Raman line maps were attempted to record spectra from successive points between 

the inclusion and the unaltered biotite with 514 nm excitation. The experiments were 

hampered by very low signal. Despite using relatively large step sizes of five micrometers, 

acquisitions of three or five accumulations of twenty-second exposures per analysis point 

resulted in impractically long experiments. Of these limited experiments, some data sets were 

seen to be overwhelmed by fluorescence or a very strong signal from surface carbon where 

the EMPA section was used. An example of the surface carbon spectrum obscuring the 

biotite spectrum is shown in figure 7.10. Some of the line maps produced some adequate 

results.

Figure 7.11 is an image of a biotite grain recorded in reflected light with the inclusion clearly 

observable in the centre. Generally, the inclusions (and therefore the haloes) were selected in 

transmitted light since this illumination makes them easier to distinguish than in transmitted 

light. Unfortunately, it is difficult to identify the halo with this illumination. The line along 

which confocal measurements were made at 1.5 micrometer spacing is marked in white. The
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data for the lattice mode and the (Si,Al^Oio vibrations regions are shown in figure 7.12 and 

the OH-stretching region in figure 7.13. In each case, the data has had to be baseline- 

corrected and smoothed slightly to highlight the differences along the line.
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Fig. 7 .10 . Exam ple area map show ing prismatic inclusion, halo and unaltered biotite. Right: carbon spectrum.

Figure 7.12 shows broad, undefined nature of the bands in the mid-wavenumber region 

within the halo graduating towards sharper and more distinct and intense bands in the 

unaltered biotite. Of particular note is the band around 550 cm'1, which shows this most 

clearly. The effect is repeated in the OH-stretching region, as highlighted in figure 7.12. 

Although suffering from low signal to noise ratio the absence of the OH band is notable in 

the halo before gradually appearing and becoming more intense in the unaltered biotite.

inclusion
biotite

Spectra recoded along 
line

Fig. 7.11.  R eflected light im age o f  an inclusion and halo region analysed.
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Fig. 7.12. Line map from inclusion to unaltered region o f  biotite. Note 550 -  800 cm ' 1 region.
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Figure 7.13. Line map showing portion o f OH-stretching region.

Another inclusion was analysed in confocal mode using 514 nm excitation. The cross

polarised, transmitted light image is shown in figure 7.14 with the line indicated in white. 

The step size used was three micrometers. From the spectra in figure 7.15 the gradual 

increase in the biotite bands, both in the mid-wavenumber and OH-stretching regions is 

observed.
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ecorded

Fig. 7.14. CPL image o f a prismatic apatite inclusion with halo in biotite.
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Fig. 7.15. Line map from apatite inclusion through halo to unaltered biotite.

It was apparent that analysis with visible excitation induced excessive fluorescence. Early 

analysis using confocal near-IR excitation suggested that the line experiments could be run 

with this longer excitation. A line mapping experiment employing 785 nm excitation was set 

up to just analyse the OH-stretching region, since this could be achieved within a practical 

timescale. The laser used projects a line of light on the sample instead of a spot, as used with 

the 514 nm laser. A confocal arrangement was not used for this experiment. The laser is 

significantly more powerful than the visible laser used. However, since the laser is spread 

into a line the power density is similar. The results of a line map are shown in figure 7.16.
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Whilst the differences between the spectra in the biotite, halo and inclusion are striking the 

bands displayed cannot be ascribed to OH ions with confidence. The positions of the main 

band just below 3300 cm 1 do not agree with the positions of OH bands for phyllosilicates in 

the literature or those shown in the preceding figures.
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Raman Shift (cm-1)

Fig. 7.16. Line map from inclusion to unaltered biotite using 785 nm excitation.

Raman spectra were recorded from the thin section glass and from the epoxy mounting 

medium on the glass slide for comparison with the spectrum from the near-IR line map. The 

positions of the main band centre is very similar in each case. Figure 7.17 displays the three 

spectra overlaid.

Biotite sample spectum
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Thin section glass spectrum
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Fig. 7.17. Raman spectra from the near-IR line map, glass and mounting medium.
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Whilst it is doubtful that the bands shown in figure 7.16 represent OH-stretching from the 

inclusion and biotite, the disappearance of the band in the hole is not explained if the bands 

are simply ascribed to the epoxy, or more likely, the glass. One possible explanation is 

suggested from the absorption spectra presented by Nasdala et al (2001) for biotites and their 

haloes. The inclusion (from the near-IR Raman spectrum, not shown, probably a self

irradiated, metamict zircon) and unaltered biotite have sufficient refractive indices to cause 

the incident, non-confocal, laser energy to pass through the petrographic section and interact 

with the mounting media and glass below. The considerably more-absorbing and lower RI 

halo material allows less of the energy to pass and neither the glass nor epoxy is excited. As 

shown in previous figures, the halo region has no peaks in this region of the spectrum. It is 

suspected that the weak Raman bands of the biotite or halo will be completely overwhelmed 

by the glass and epoxy Raman signals that are very much stronger. The halo region in figure 

7.17 does suggest very strong luminescence is occurring towards the lower wavenumber side 

of the region shown. This might be consistent with the absorption of energy being 

subsequently re-emitted as heat energy. It was not possible to observe any thermal damage to 

the region of the sample analysed.

EMPA
In order to ascertain if there are any major chemical differences between halo regions and 

unaltered regions, analysis by Electron MicroProbe was carried out on the sample. In addition 

to the major element oxides, the oxides of Ca, Th, La, Ba, Ce and were also analysed for. In 

the recent multi-technique approach of Nasdala et al (2001) the authors followed the same 

route. The quantitative chemical analysis aimed to determine if compositional differences 

might account for the strong absorption. A search of the literature did not yield any published 

information regarding this issue.

Three inclusions (two identified as monazite by WDX and one unidentified) surrounded by 

radiohaloes were selected for analysis. For each, an approximately radial traverse from 

inclusion to unaltered biotite, or vice versa, was carried out both approximately parallel and 

perpendicular to the cleavage. The points were spaced at approximately five micrometer 

intervals. The EMPA results are tabulated and appear in the Appendix in Tables A7.1 to 

A7.6.
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The quantitative analysis results indicate negligible differences in the major element oxides 

within the radiohalo. The value of [100 minus total wt% element oxides] was determined for 

each analysis point. This value can be assumed to be representative of the OH (as H2O) and F 

content. Any oxides that are present in the sample not included in the EMPA analysis must be 

present at levels below the detection limit and thus negligibly impacting on the ‘H2O’ value.

A 20 scan should be performed to prove this, however. Figures 7.18 and 7.19 show the results 

of traverses perpendicular and parallel to the cleavage through the radiohalo shown in figure 

7.14 and can be considered to be representative.
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Fig. 7.18. EMPA results from biotite and halo. Fig. 7.19. EMPA results from biotite and halo.

Figures 7.18 and 7.19 indicate that there are no compositional gradients within the halo 

passing into the unaltered biotite. There are fluctuations in some of the oxide concentrations 

but these are probably within the error of the instrument. Figure 7.19 shows a significant 

anomaly in the MgO content, resulting in a low total and therefore increased ‘difference’ 

value. The ‘blip’ occurs at some 60 micrometers from the inclusion and so is beyond the 

extent of the radiohalo.

7.5 - Discussion

Despite rather poor signal to noise in the spectra presented above, it is clear from the Raman 

data that there might be significant modification to the biotite structure within the haloes. The 

broad, ‘triple’ band system around 680 cm 1 and the band around 560 cm'1, weaken and 

broaden in the halo region to become one, very broad and indistinct band. These bands have 

been ascribed only generally to motions of the M2 octahedral sites and T 4 O 1 0  network in 

previous studies. Similarly, the lattice modes and low wavenumber bands ascribed to the OH
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modes become weaker and broader in the halo. As recorded in many other studies, weakening 

and broadening of Raman bands can be attributed to variations in bond angles and bond 

lengths within and between atoms and molecules. Differences are also observed in the OH 

stretching region in the samples. The lack of observable OH activity must point to an absence 

of OH in any position and orientation. It is noted that some of the OH-stretching modes are 

crystal orientation-dependant, however, the -3655 cm' 1 band is observed in both E±c and E//c 

(Nasdala et al 2001). The bands are restored as the diffuse halo graduates into unaltered 

biotite.

Micas are increasingly used as tools to help date rocks within which they are found. The 

ability of the structure to store radiogenic Ar and Sr allows them to be used to provide 

pressure-temperature-time (PTt) evolution information (Dahl, 1995). The concept of ionic 

porosity was introduced as an approximate “geometric parameter” to describe simply the 

“percentage of interlayer unit-cell volume not occupied by ions” (Dahl, 1995). The interlayer 

sites in biotite are filled with K+ ions and the vacancies are either completely or partially 

filled with H2O or H30+ (Dahl, 1995). The interlayer K+ ions weakly bind the linked (Si,Al)C>4 

tetrahedral layers that sandwich octahedrally coordinated cations to form composite sheets. 

Dahl (1995) states that the ionic porosity is inversely proportional to the strength of the 

already relatively weak K—O bond (which, along with K+—H+ repulsion, explains the ease 

by which mica sheets are so easily cleaved). The Raman spectra of the halo region suggests 

the absence of water in the structure and this would have the effect of increasing the ionic 

porosity, thus further decreasing the K—O bond strength. Substitution of stable cations by 

radiogenic isotopes occurs in both apatite and monazite; a mineral that commonly contains 

4-12 mol% of Th (Deer et al, 1992). With their low lattice binding energies (Dahl, 1995) it is 

easy to envisage a model whereby the emitted radiation from the decaying isotopes, or more 

likely the recoil of the nucleus upon emission, ‘knocks’ the weakly bonded H2O and H30+ 

from the structure. Were this to occur it might be expected that interlayer separation would be 

greatly reduced; the relatively large H2O and H30+ molecules between the composite sheets 

have been removed, as has the K+—H+ repulsion. Bond re-ordering may take place to 

account for the vacancies created.

There is potential, then, for errors in the radiogenic dating and PTt-evolution studies if this 

model is correct. The model describes the collapse of the interlayer partitioning upon the loss
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of interlayer H2O and H30+ molecules. Since this is the region where 87Sr2+ and 40Ar formed 

by the radioactive decay of other species they, particularly Ar, may be more susceptible to 

loss by diffusion or by weathering, alteration or recrystallisation. If quantitative 40Ar/39Ar 

measurements are made by microanalysis of discrete ‘spots’ then regions without radiohaloes 

might yield more accurate ages than from haloes.

Crystal structure damage leading to partial or complete amorphisation with the loss of 

medium- and long-range order is a feature observed in some zircons. The process by which 

this is thought to occur is by the emission of radiation by the decay of U and Th (and Pb) 

isotopes. These elements substitute for Zr in the zircon lattice. Wopenka et al (1996) record 

that in addition to the high energy a-particles producing displacements with a range of 10 

micrometers, the recoil of the nucleus from which the a-particles were emitted is responsible 

for an order of magnitude more displacements over a 20 micrometer range. Recent work by 

Salje et al (2000) appears to confirm that the damage observed is the result of direct impacts 

caused by alpha-recoil nuclei. The Raman spectra of affected regions of the zircon crystals 

exhibit peak-broadening, i.e. increase in the FWHM value and shifts in the positions of the 

antisymmetric stretching peak of the SiC>4 tetrahedra to lower wavenumbers. Loss of intensity 

and increase in peak width increases with the degree of structural damage (metamictisation) 

in zircons (Wopenka et al, 1996). The observations of the changes in the biotite Raman 

spectra close to the inclusion correspond quite closely to those observed in metamict zircons.

Wirth (1985) described the effects on phengite, a layer silicate similar to muscovite in 

structure, of dehydration. Bombarding the sample with electrons in the TEM was found to 

induce dehydration, the removal of H2O, with the loss of lattice spacings but without 

structural rearrangement. The energy in the TEM was thought to be too low to raise the 

temperature sufficiently to ‘boil’ off the H2O molecules but was enough to delocalise protons 

from structural OH' ions. The protons could subsequently recombine with other OH' ions to 

form H2O in the octahedral layers. The large water molecule formed in the hexagonal cavity 

buckles the layer, distorting the lattice. The Raman spectra recorded from the haloes indicate 

the loss of OH, which may have occurred by the interaction of a-recoil nuclei from decaying 

species within the microinclusions. Further, the weak, broad bands may indicate a wide 

variation in bond angles and bond lengths consistent with the buckling envisaged by Wirth.
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Heating caused by irradiation by energetic neutrons and y-rays was found to occur in gypsum 

by Patel & Raju (1970). The rupturing of OH bonds dissipated the energy. Dissociation of the 

OH groups and dehydration led to lattice distortion that was determined by streaks on the X- 

ray Laue patterns in the irradiated samples.

Raman spectroscopy using confocal near-IR 785 nm in this study appeared to provide 

comparable data obtained with visible excitation. Major differences were observed in the 

OH-stretching region between the two sets of experiments. The exact origin of the bands in 

the high wavenumber region determined with non-confocal 785 nm excitation are 

unexplained but are probably ascribable to the glass beneath the section. The confocal 

arrangement discriminates against any signal beyond a certain excitation volume. In this 

instance, the height of this volume is less than the thickness of the section. The success at 

recording bands in the low and mid-wavenumber region can probably be attributed to this 

wavelength lying at the weaker end of the strong absorption band of biotite. It could be for 

this reason that McKeown (1999a,b) favoured FT-Raman at 1064 nm over the visible 

alternative.

The EMPA data adds very little to the investigation into biotite radiohaloes. The increased 

absorption of the haloes may have been caused by increased levels of Fe (Nasdala et al 2001) 

but the chemical analyses indicate no enrichment and it is difficult to see where this may have 

been derived. The ‘difference’ value was calculated as it was hoped it might provide a 

measure of the OH. However, if OH is lost (as H2O) then it will create a vacancy rather than 

the wt% total increasing, since the oxides are present in finite concentrations.

Contemporaneous studies -  Nasdala et al
The current work hoped to provide an assessment of the use of microRaman spectroscopy to 

analyse in situ mineral structures. A novel approach was taken, using the little-studied 

radiohaloes surrounding micro inclusions in biotite. During the course of the investigation a 

remarkably similar investigation was published by Nasdala et al (2001). These workers 

recognised the effectiveness that microRaman spectroscopy would have on such an 

investigation. Some of their findings have been alluded to in the preceding work.

Interestingly, they indicate that the radius of the halo is dependant on the radioactively 

decaying species; the largest haloes correspond to the a-particles with the highest energy.
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The penetration depths of various a-particles in biotite were calculated and an excellent 

agreement found with the empirically measured halo radii.

The microRaman studies by Nasdala et al revealed similar results to the current work. Band 

broadening, shifting and loss in intensity were recorded in the radiohaloes. However, these 

workers were able to detect significantly stronger Raman bands in the halo, particularly in the 

OH-stretching region, than was found in the current study. This, in conjunction with data 

obtained from TEM studies and Monte Carlo simulations, enabled them to reach a different 

conclusion. The model invoked suggests the creation of a low density of point defects in the 

halo with a disturbance in the short-range order. The model is strongly supported by TEM 

analysis indicating that the lattice remains relatively undisturbed in the halo.

Nasdala et al also showed that the other techniques, whilst supporting some of their 

arguments, with the exception, perhaps of TEM, could not provide the same level of 

information about the radiohaloes as microRaman spectroscopy.

7.5 -  Conclusion
From studying the Raman spectra recorded from both the affected and unaffected regions of 

biotite it would appear that the structure has been severely modified from the original sheet 

silicate structure. Whilst biotite does not produce a particularly strong spectrum of well- 

defined peaks, the loss of structure between relatively fresh biotite and the inclusion, 

throughout the halo, is apparent from the spectrum. The loss of OH ions from the structure 

caused by a-recoil bombardment is seen as leading to incipient localised collapse of the 

structure. Significant bond-re-ordering is suggested, with concomitant variations in bond 

lengths and angles, reflected in the marked loss of intensity and band broadening observed in 

the Raman spectra.

No other technique could perform high spatial resolution crystal structure analysis in situ and 

with so much ease. TEM studies clearly aided other workers in their analysis. However, this 

technique is neither as simple to interpret or as non-destructive as MicroRaman spectroscopy. 

With the latter, textural relations are preserved, as is the specimen, enabling repeat analyses 

by Raman or other techniques.
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EMPA added little to the analysis in this case. The technique is relatively common and has 

similar spatial resolution to MicroRaman and its possible to perform both studies on the 

sample micro areas of the sample, either uncovered thin section or polished block. However, 

it is advantageous to perform Raman spectroscopy initially because carbon coating typically 

has a much stronger Raman response than the inorganic minerals.

The results presented here would clearly have benefited from a revised analytical strategy. It 

is apparent from this work, and the work of others, that very many accumulations with long 

exposures for each analysis point are required. It may be that greater activity in the OH 

region would have been detected with a more considered experiment regimen. Absorption 

curves suggest that deep visible or UV excitation Raman would be of little use in recording 

good Raman spectra from the haloes. It is possible that water or oil immersion techniques 

with confocal near-IR excitation may help. This method could improve signal collection by 

minimising the effects of refraction at the objective/air/sample interface and may also allow 

higher incident energy at the sample.
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8 -  Investigation of Cubic Zirconia
Zirconia, Z1O 2, can be stabilised at room temperature in its cubic form only by doping with 

different cations. In this form zirconia has desirable physical properties for technical ceramics 

and semi-conductor uses. Colourless cubic zirconias were popular as low cost imitation gem 

diamonds. Experimentation with various cation species enabled zirconias of almost any colour to 

be created, thus simulating many other gemstones. This section represents the second case study 

using microRaman spectroscopy for the analysis of crystal structure. The aim is to present a 

study of coloured cubic zirconia crystals doped with various trivalent cations and comment on 

the results in terms of the relationship between the dopant chemistry and colour mechanisms to 

the Raman spectra.

8.1 -  Introduction

The high price of both coloured and colourless precious gemstones has led to an expanding 

industry in the manufacture of imitations. These man-made ‘crystals’ have become increasingly 

difficult to distinguish from the natural stones they emulate. One of these synthetic substances, 

cubic zirconia (CZ), was an early popular alternative to natural stones. It was tough, could be 

faceted and was available in large range of colours. Most importantly, it had optical and physical 

properties that made it an attractive, low cost alternative to diamond. With the advent of more 

advanced synthesising processes more realistic imitations, for example moissanite, have become 

available and the popularity of CZ has reduced.

Despite being supplanted as an imitation gemstone it is still of considerable interest to study 

doped cubic zirconia to elucidate the mechanisms by which colour is imparted to a crystal. This 

would be of direct relevance to gemmologists who endeavour to unravel the processes used by 

unscrupulous synthesisers and detect treated stones. Also, spectroscopic methods may help us 

understand better the mechanical and physical properties of zirconia’s used in industry.

The origin of this chapter has its roots in the 1999 International Jewelery London exhibition held 

in Earl’s Court, London. During the Raman spectroscopic analysis and identification of various 

natural and synthetic semi-precious crystals it was noted that different cubic zirconia crystals
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produced different Raman spectra. Given that the Raman spectra of cubic crystalline materials is 

not orientation-dependent then another mechanism was thought to be responsible.

Due to zirconia’s mechanical properties of very high melting point and ability to be made tough 

through work-hardening, there is much interest in zirconia for engineering ceramics purposes 

(Bowden, et al 1993). In this respect a “cutting edge” application is in the manufacture of false 

teeth. Cubic zirconia is an important material in many contemporary technological and 

commercial applications where its chemical resistivity and ability to be grown epitaxially (Cai et 

al 1993) are amongst its many valuable properties. Other industrial applications of zirconia 

include refractories, abrasives, piezo-electronics and capacitors, the manufacture of glasses and 

enamels, in fuel cells and catalytic converters and as a white pigment (Lopez et al 2000).

8.2 - Crystal structure of cubic zirconia

The naturally-occurring form of zirconia, Zr02, is the monoclinic mineral baddelyite. A rare 

accessory mineral, it is often found in rocks derived from highly evolved parent magmas.

Synthetically-grown ZrC>2 exists in three states. Below about 1170 °C it has a monoclinic 

structure. Above this temperature it transforms to the tetragonal structure and then again to the 

cubic form above 2370 °C (Ostanin et al 2000). The tetragonal phase, desired for its physical 

properties for ceramic uses, can be stabilised at room temperature by using various binary oxides 

(Bowden et al 1993). Cubic zirconia (CZ) has the property of isotropic brilliance that makes it 

desirable as a gemstone. In its cubic form it dominated the synthetic diamond market during the 

1980’s (Huong, 1992). However, below the cubic phase transformation temperature the structure 

transforms to lower symmetry and the brilliance is lost (Huong 1992). As with the stabilised 

tetragonal form the cubic structure can be retained at room temperatures only by ‘doping’ the 

composition. Typical dopants used are yttria (Y2O3), MgO, CaO (Bowden et al op. cit.) and 

La203 (Ostanin et al 2000). Doping is the process by which Zr4+ ions are randomly replaced by 

the dopant ions and enough oxygen vacancies, or defects, are created to ensure charge 

compensation (Weller et al 2000, Cai et al 1993). Ostanin et al (2000) report that ‘to date, no full 

quantitative description of the stabilization mechanism of YSZ has been reported’. There is much 

commercial interest in the yttria-doped variety, often referred to as YSZ. The concentration of
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dopant in gem-simulant CZ’s is not known; only quantitative 20 scans were performed on the 

samples. Ishigame and Yoshida (1987) state that YSZ used as conducting thin films may contain 

up to 12 mol% Y2O3, equivalent to 20 wt% (Cai et al 1993) and we might assume that the 

gemstone varieties contain comparable quantities.

The monoclinic, tetragonal and cubic phases of pure ZrC>2 have the Zr+ ion located in seven-fold, 

distorted eight-fold and regular eight-fold co-ordination with the O " ions, respectively (Ostanin 

et al 2000). The structure of cubic CZ is a distorted CaF2-type with the point group Oh (Cai et al

1993).

8.3 - Samples

Dr. J.B. Nelson (Nelson Gemmological Instruments, Hampstead, London) kindly supplied a suite 

of CZ crystals for analysis. The ten samples used were selected to represent the range of dopant 

cations used. Dopants thought to be present are some of the trivalent REE and Cr. Where 

possible two crystals thought to have the same dopant element but with a different colour were 

used. Figure 8.1 shows the ten cubic zirconia submitted for XRF and Raman spectroscopic 

analysis.

8.4 - Review of colour theory

The study of colour centres, a term coined by Pohl to describe the special electronic 

configuration in a solid that gives rise to optical absorbtion, is a distinct branch of solid state 

physics. A brief review of the relevant aspects of colour theory to the current study is warranted 

in this assessment of synthetic, coloured crystals. The vast majority of the studies of colour 

mechanisms have been performed on the alkali halides, principally chlorides and bromides of Na 

and K. This is because they are easily grown, have a simple FCC structure and are optically 

transparent between the deep UV and the far IR. Studies based on these substances, thought to be 

chemically pure, revealed the importance and effect of impurities on the ease of colouration and 

on the nature of the colour centres (Schulman & Compton, 1962).
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Fig. 8.1. Cubic zirconia crystals. Scales vary slightly. Largest crystal is V, diameter 10.7 mm.

Crystalline solids are regular structures with highly ordered atomic arrangements. However, 

some of their physical properties, including colour, can only be explained by the presence of 

imperfections or defects. The important examples are interstitial ions, vacant lattice sites, 

impurities and dislocations. Some of these defects can be combined and aggregated. Of these, the 

Frenkel and Schottky defects are well studied. Respectively, they relate to an interstitial (a cation 

or anion removed from its regular site to a region between regular atomic sites) plus the 

corresponding vacancy, and the vacancy created when a cation or anion is removed from the 

lattice site to the surface to form a new layer (Schulman & Compton, 1962). Other defects arise 

through impurities. Figure 8.2 shows how a divalent cation impurity in a lattice of monovalent
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atoms is charge-balanced by a positive ion vacancy (an additional negatively-charged ion would 

also achieve this). Similarly, Figure 8.3 shows some of the various methods by which charge 

compensation can be attained in a lattice of divalent ions in the presence of a substitutional 

monovalent impurity. Either a monovalent cation is incorporated interstitially; a trivalent cation

+  I - - + - +  -  +
- + - + - + - + -  
+  - r H — + - +  ~  +

+
_l--------------1--------------1-------------- j--------------1_

Fig. 8.2. Divalent cation impurity in monovalent ion lattice 
(after Schulman & Compton, 1962).

+  = + = + L = + = +

+ = + = + = © = +  
=  + = + = + = ( % =  

+ = 0 = + = + = +  

= + D + : =  +

■ Monovalent cation impurity

-  Trivalent ccrlion impurity

Fig. 8.3. Monovalent cation impurity in divalent ion lattice 
(after Schulman & Compton, 1962).

substitutes for a divalent cation; or a negative ion vacancy is incorporated for every two 

monovalent impurity cations. Schulman & Compton (1962) notes that impurity related defects 

tend to be associated into complexes of the impurity ion with the vacancy on adjacent sites. Such
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associations are found in diamonds. Smith et al (2000) describe the various point defects 

involving nitrogen and vacancies in the diamond lattice, each of which gives rise to a 

characteristic absorption band.

Electron ‘holes’ can arise by the absorption of energy and the stripping of an electron from either 

a cation or anion. Both the freed electron and the hole are able to move, thus the hole differs 

from a vacancy. Although mostly recombining, free electrons can be trapped by wandering close 

to an interstitial, anion vacancy or substitutional impurity cation; all positively charged defects. 

The reciprocal is true of positively charged holes. Colour centres result from the interstitial 

‘atoms’ created on trapping.

Deviation from stoichiometry with an excess of the electropositive ion is balanced either with the 

excess ion substituting at a cation site (with an associated vacancy) or as interstitial atoms.

Excess electronegative components can be charge balanced by additional holes trapped at cation 

vacancies or as interstitial anions (Schulman & Compton, 1962).

The concept of dislocations in the crystal lattice enabled some of the mechanical properties of 

minerals to be explained. Edge and screw dislocations are relevant to colour centres since they 

can lead to the creation of vacancies and interstitial atoms. High-energy environments such as 

deformation at elevated temperatures are more favourable to the creation of these defects. 

Dislocations act as a source of vacancies and interstitials, as well as low energy ‘sinks’ for 

impurities, vacancies and interstitial atoms (Schulman & Compton, 1962). Collins et al (2000) in 

their study of natural brown diamonds noted that some samples had much stronger colouration 

along ‘striations’ and also in the ‘tatami’ pattern.

The most immediately relevant aspect of colour centre creation to this study appears to be the 

presence of impurities in the zirconia lattice, i.e. the doping cations. Schulman & Compton (op. 

cit.) list the important effects of impurities on colouration. Although based on the alkali halides, 

the points are valid, not least because the structures are similar to those of the zirconias used in 

this study. Differences may arise between the effects in the alkali halides and zirconia because of 

differences in the bonding strength and degree of covalency.
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1. Impurity ions themselves behave as absorbing and luminescing centres

2. Lattice constant changes arise due to differences in the ionic sizes of the ‘host’ ion and the 

impurity, creating localised regions of increased strain. This creates an energy shift and 

broadening of the colour centre bands already present

3. Ionic charge differences between host and impurity promote a change in the concentration of 

positive and negative ion vacancies/defects, thereby enhancing or reducing the ‘colourability’

4. Impurity-vacancy ‘complexes’ can form as a result of ionic charge differences between host 

and impurity. These complexes can trap electrons or holes to create new types of colour 

centre that the pure crystal did not posses

5. Differences in the ionisation potentials or electron affinities between the host and impurity 

may make it easier to trap electrons or holes, again, potentially forming colour centres not 

present in the pure crystal.

The effects on the physical properties of incorporating divalent cations, alkaline earth and 

monovalent heavy metal impurities into the alkali halide structure is said by Schulman & 

Compton to be ‘marked’. In particular, monovalent heavy metal impurities were found to have 

characteristic emission bands. Of the divalent cations studied, only Pb had significant absorption 

features. No trivalent cations were discussed in the work of Schulman & Compton. Emission 

bands associated with these impurities were ascribed to transfer of electrons between the anion 

and cation. It was found that the coordination of the defect, hole or trapped electron determined 

the type of colour centre and the location of the absorption band (Schulman & Compton op. cit.). 

Impurities can also give rise to colour in a crystal by the selective scattering. The Tyndall 

scattering of colloids, impurities present on scale much larger than the atomic level previously 

discussed, causes light to be reflected to be of a different wavelength to that transmitted by the 

crystal. The zirconias studied do not exhibit Tyndall scattering.

The presence of impurity ions and colour centres described above lead to localised energy levels 

in the ‘band gap’ between the valence and conduction bands. Transitions between these states 

and the conduction or valence bands occur when a photon excites the colour centre. The centre 

loses the energy by the emission of a quantum of light. The spectrum obtained, when excited by 

a monochromatic source, corresponds to the different colour centres. Furthermore, Schulman &
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Compton (op. cit.) state that the use of polarised light can be used to give information about the 

symmetry and position within the lattice of the defects.

8.5 - Analysis

Each of the CZ’s supplied had had their dopant chemistry qualitatively analysed by Dr. J.B. 

Nelson using a spectroscope. Briefly, the hand-held device collects the light transmitted from an 

illuminated faceted stone. Passing through a narrow slit the light is dispersed either by a grating 

or prism and projected onto the eye. The spectrum observed is that of the light source minus 

those wavelengths that correspond to the energies of the electronic transitions occurring in the 

stone. The doping ions have characteristic absorption band positions in the visible spectrum. 

Table 8.1 lists the samples used, their dopant based on this assessment, their colour and 

description.

Sample Dopant determined by 
light spectroscope Colour Description

V Colourless 6.83 carats

JL Probably Cr3+ Olive green
Peridot/Alexandrite simulant 
0.74 carats 
brilliant cut

JI Eu3+ Pale pink/lavender
0 . 8 8  carats 
brilliant cut 
h=3.1m m

ZK Er3+ Pale pink/lavender
brilliant cut 
0 . 8 8  carats 
h=3.3m m

YR Er3+ Very pale lavender/lilac
Kunzite simulant 
3.45 carats 
h=5.0mm

ZP Pr3+ Deep golden yellow
brilliant cut 
3.91 carats 
h= 5.4mm

FA Pr3+ Deep golden yellow
brilliant cut 
3.51 carats 
h=5.2mm

ZO Nd3+ Ruby red
brilliant cut 
3.47 carats 
h=5.0mm

ZN Nd3+
Very pale lavender/ 
almost colourless

kunzite simulant 
3.36 carats 
h=4.95m m

ZR Nd3+ Yellow/green

low-Fe peridot simulant 
brilliant cut 
3.00 carats 
h=4.7

Table 8.1. Cubic zirconia samples, ‘h’ is the height o f  the crystal in mm. 1 carat = 0.2 g.
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XRF

Quantitative analysis of the dopant chemistry was attempted using X-Ray Fluorescence (XRF) 

analysis. Some concern was expressed that the interaction of the incident X-rays would modify 

the colour of the crystals. This factor is a significant limitation to the analysis of crystalline 

materials whose desired property is their colour. Each crystal was formed into a separate powder 

pellet using boric acid under a ten-tonne hydraulic load. The samples were mounted such that the 

tables were presented to the incident X-rays. The analysis was deemed not to have affected the 

colour.

Raman spectroscopy

Each CZ was analysed using 514 nm excitation. Unfortunately, samples ZK, ZN and JL could 

not be analysed during the same session as the other seven samples. Single spectra were 

recorded from the samples with the laser spot focused on the table surface in each case. The 

crystals are very strong Raman scatterers; a function of the strongly covalent nature of the Zr—O 

bonding and the ease of deformation of the polarisability ellipsoid. Generally, low excitation 

power densities had to be used, or the entrance slit reduced, to avoid saturating the sensitive 

CCD detector, such was the strength of the Raman signal. This intense signal is in stark contrast 

to many minerals of interest in mineralogy where, typically, relatively long scans and many 

accumulations of spectra are required for a spectrum of good signal to noise.

8.6 - Results

XRF and spectroscope

Results of the XRF 20 scans for the ten crystals are summarised in Table 8.2 and the raw data 

appear in the Appendix figures A8.1 to A8.10.

There is poor agreement between the XRF 20 data and the qualitative assignment made using the 

spectroscope. Indeed, only the analyses of samples ZN, V and JL agree. The assessment of the 

doping agent elements made by Dr. Nelson were made with the benefit of many years using this 

technique in the study of gemstones. The light spectroscope is quite simple to use but frequently 

the absorption bands are very weak or diffuse, making their assignment difficult.
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Sample XRF analysis Lines

V Y K a

JL Cr? K„?

JI Nd L a i,2 Lpi , 2 .3,4

ZK Not assigned

YR Nd L a l.2 Lpi,2 ,3,4

ZP
Cr K a

Ca K a Kp

FA Y K a i,2 Kp

Z O Y Kal.2 Kp

ZN Nd La 1,2 Lp 1,3,4

Z R Cr K a

Table 8.2. XRF analysis o f CZ crystals.

No reference material was available at the time of the analyses to check the assignments made. 

Similarly, the electron decay lines listed in Table 8.2 (XRF data) for the elements under 

investigation are closely spaced and given the similarity of their chemical properties, significant 

overlap is expected. The XRF data are also noisy, making assignment difficult. In light of these 

issues it is difficult to know which method has provided the more accurate determinations of the 

dopants.

The presence of Mn in the XRF analyses is attributed to the boric acid flux. However, the Ca- 

bearing CZ (sample ZP) has Mn in addition to that from the boric acid.

Raman spectroscopy

The spectra recorded from the samples are displayed in Figure 8.4. The positions of each band 

are listed in Table 8.3 were determined using the iterative curve-fitting routine in the GRAMS 

software. The spectra can be regarded as comprising three main systems of Raman bands -  a 

region between 250 cm’1 and 450 cm’1, an asymmetric band close to 600 cm 1 and a complex 

band system between 900 cm 1 and 1250 cm"1. For each of the three systems the number and
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positions of the component bands were approximated and modified until a precise match was 

made with the data. Figure 8.5 shows the intricate array of bands fitted in each region.

Sample

Suspected dopant
Low wavenumber 

region

Mid
wavenumber

region

High
wavenumber

regionSpectroscope XRF

V Y Y Not fitted 593,617 952, 1012, 1076, 
1194

FA Pr Y 277, 321,345,369 544, 588, 609 952, 1012, 1078, 
1188

JI Eu Nd 270, 283,312, 344, 
370, 387, 405

No band 952, 1031, 1083, 
1192

JL Cr Cr 282, 350, 373, 395 578,613 958, 1019, 1089, 
1190

YR Er Nd 272, 283, 335, 344, 
369, 386, 405

No band observed 951, 1014, 1086, 
1196

ZK Er Not
assigned

286, 320, 349, 373, 
391

567, 604, 623 958, 1018, 1084, 
1192

ZN Nd Nd 320, 350, 374, 391, 
410

566, 606 958, 1019, 1089, 
1195

ZO Nd Y 277, 349 548, 587,610 951, 1012, 1078, 
1189

ZP Pr Cr, Ca 275, 277, 341,372 586,612 952, 1014, 1078, 
1188

ZR Nd Cr 279,317, 342, 371, 
399

547, 586, 607 952, 1012, 1082, 
1188

Table 8.3. Positions of bands by curve fitting (where possible).

Lopez et al (2000) used the correlation method (see 2.2) to determine the irreducible 

representations of the monoclinic, tetragonal and cubic forms of ZrC>2. Part of their Table 2 is 

reproduced here in Table 8.4. Nb and Zb are the number of atoms and formulae units in the 

Bravais cell, respectively. Table 8.4 shows that only one fundamental Raman band is expected in 

the spectra of cubic ZrCL. Similar calculations for the monoclinic and tetragonal forms confirm 

that with the decrease in symmetry many more fundamental modes are expected. Lopez et al 

(2000) show only a single Raman spectrum from a cubic sample.
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ZrCL Cubic, space group Fmiraw O^ Z=4, Zb=1

Atom Nb Site symmetry

Zr l o h Fiu
O 2 Tj Fiu + F̂ g

Total 2Fiu + F2g

Acoustic Fiu

Optical
Raman active 

Infra red active

F2g (1 band expected) 

Fiu (1 band expected)
Table 8.4. Irreducible representations for cubic zirconia (reproduced from Lopez et al 2000)

The strong, broad, asymmetric Raman band at 616 cm 1 is assigned by Lopez et al (2000) to the 

triply degenerate F2g mode, in keeping with other published work (e.g. Gogotsi 1997). These 

workers ascribe the broadness and asymmetry to a “one phonon density of states” which arises as 

a result of the oxygen vacancies (defects) created in REE-doped zirconias. Table 8.4 also 

indicates that the band corresponds to the three equivalent motions of the O atoms along 

mutually perpendicular axes. Lopez et al (2000) continue, stating that the mode can be regarded 

as the symmetric vibration of O—Zr—O. The spectrum shown by Lopez et al (2000) ends at 

800 cm '1 (since the fundamental modes appear below this frequency) so no comparisons can be 

made with the bands in the upper region of the spectra in Figure 8.4. Also, the data of Lopez et al 

(2000) show only weak, broad bands ascribed to discrete regions of tetragonal zirconia in the low 

wavenumber region which is in striking contrast to the well-defined band system in the current 

work. Comparisons between the data presented in the current work can be made with the 

spectrum shown by Gogotsi (1997) for a sample of Y-FSZ-C (possibly an acronym for Yttria- 

Fully Stabilised Zirconia-Cubic). The published spectrum extends to just over 1600 cm 1 and 

shows a strong agreement with the present work in the low and upper regions i.e. below 

400 cm '1 and between 900 cm '1 and 1250 c m 1. Unfortunately, Gogotsi presents no discussion of 

the bands in either of these regions.

In order to more directly assess whether the Raman technique is sensitive to the change in dopant 

chemistry, spectra are overlaid in figures A8.11 to A8.17 in the Appendix. Samples YR and ZK 

(figure A8.11), and samples ZN, ZO and ZR (figure A8.12) were identified, by spectroscope, as
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containing Er3+ and Nd3+, respectively. Similarly, samples Z and FA (figure A8.13); JI, YR and 

ZN (figure A8.14); JL, ZP and ZR (figure A8.15) were established to contain Y3+, Nd3+ and Cr3+, 

respectively by XRF analysis. Spectra from similarly coloured stones are also overlaid to 

determine whether determination of dopant is incorrect and that the stones contain a common 

dopant responsible for the same colour in each stone. The spectra of the pale pink/lavender/lilac 

stones are displayed in figure A8.16 and the golden yellow stones in figure A8.17.

ZK
Er3+

|u

Raman Shift (cm-1)

YR

§ 60000

200 400 600 800 1000
Raman Shift (cm-1)

1400 1600 1800

ZP5000

4000

3000

2000

1000
200 400 600 800 1000 1600 18001200 1400

6000

FA
5000

4000

3000

2000

200 400 600 800 1000 1200 1400 1600 1800
Raman Shift (cm-1) Raman Shift (cm-1)

3000 ZO
2500

2000

1500

1000

200 400 600 800 1000 1600 18001200 1400

12000

ZR
10000

8000

6000

4000

2000

200 400 600 800 1000 1200 1400 1600 1800
Raman Shift (cm-1) Raman Shift (cm-1)

131



8 - Cubic Zirconia

ZN
Nd

¥
u

Raman Shift (cm-1)

JL

O

200 400 600 800 1000 
Kaman snnt (cm-i)

1200 1600 1800

80000

60000

40000

20000

0
200 400 600 800 1000 1200 

Raman Shift (cm-1)
1400 1600 1800

|  3000

400200 600 800 1000 1200 1400 1600 1800

Fig. 8.4. Raman spectra o f sample cubic zirconia. Band positions and suspected dopant (from spectroscope) 
are indicated.

Curve-fitting routine for CZ 
sam ples F2g band

2000 -

1500-

450 500 050 700550 600
Raman 8hift (cm-1)

750

Curve fitting routine 
for low wavenumbe 
region of CZ 
sam ples

80000-

70000
Curve fitting routine for 
upper region of CZ 
sample Raman spectre

60000-

50000-

I m /  V .8 40000-

30000- f 1 \  \  /  V 1'

20000-
'< / \  _____ — “

ioooo- ; ................

8oo 850 900 oso ^ ^ o s o ^  1100 .iso 1900 . 260 Fig. 8.5. Complex band systems for the low, middle (F2g)
and upper regions o f the Raman spectra.

132



Matthew J. Bloomfield Applications o f Raman spectroscopy

8.7 -  Discussion

The major differences between the dopant chemistry determined by the spectroscope and the 

XRF analyses have been briefly discussed. In light of the lack of agreement between the two 

methods it is difficult to confidently make any correlations between the chemical data and the 

vibrational analyses.

Analysis of Figure 8.4 indicates that the Raman spectra for the samples analysed are all very 

similar. It was noted that the spectra from samples ZK, ZN and JL that were analysed some time 

later and separately from the rest of the suite displayed a consistent, significant offset in band 

positions, particularly apparent from the 952 cm' 1 band. To this end, the data from these three 

samples were adjusted by six cm' 1 for the following discussion.

The spectra may be similar because only trivalent ions were used as dopants. Consideration of 

the REE3+ cations, listed in Table 8.5, thought to be present reveals a wide range of atomic 

masses and ionic radii.

Element Atomic mass/a.m.u. Ionic radius/nm (coordination number 8)

Pr 140.9 0.114

Nd 144.2 0.112

Y 88.9 0.1015

Er 167.3 0.1

Eu 151.9 0.107

Cr 52.9

Table 8.5. Atomic masses and ionic radii o f the REE + suspected to be dopants in sample CZs.

The relative atomic mass of Er is twice that of Y. Even if Y is not considered, the range in mass 

between is considerable and significant differences in band positions might be expected between 

samples containing these ions. One possibility is that the dopants are in such low concentration 

as to not affect the Raman scattering. However, from comparison with data and references by 

Gogotsi, much of the data presented here indicates that the zirconia probably contains greater 

than 10% REE2O3 and so the effect on the spectra of changing the dopant cation is expected to 

be large.
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It is convenient to consider the spectra as three regions and discuss them separately.

Low wavenumber region

In the region below 400 cm"1, when resolvable above the noise, there is a band around 275 cm"1 

and a doublet around 350 cm"1. Figure 8.5 reveals that this system probably consists of eight 

bands. The profile of this region is consistent with Gogotsi (1997) but differs from the data 

published in other studies (e.g. Ishigame & Yoshida, 1987, Huong, 1992, Lopez et al, 2000). 

Gogotsi (1997) does not explain the origin of the band system. Other studies of doped zirconia 

show broad, moderate bands in this region that are ascribed to A)g and Eg modes. These studies 

found that the irreducible representations of Y-substituted zirconia contained these symmetries in 

addition to the F2g mode of the fluorite structure. Ishigame (op. cit.) found that the defects, 

consisting of an octahedrally coordinated vacancy surrounded by six oxygen ions, gave rise to 

their own Raman bands due to changes in the electronic coupling effects. Lopez et al (op. cit.) 

assign the broad band at -270 cm"1 in their spectra of cubic zirconia to the presence of discrete 

domains of the tetragonal phase. This seems to be unlikely given that the band appears at a 

significantly lower frequency than it does in the pure tetragonal form, and that there appears to 

be no contribution from the other strong characteristic bands of the tetragonal phase to the 

spectrum.

In the present study, however, the bands in this region are more highly resolved than those in the 

cited published studies. This may be explained by significant, increased ordering of the defects 

within the lattice, perhaps the result of the manufacturing process, or that the bands are 

attributable to external, lattice modes. NaCl, also a cubic structure crystal, has no first order 

fundamental Raman bands yet published spectra (e.g. Wilkinson In: Anderson, 1973) reveal 

weak yet distinct features in the low wavenumber region that must be attributed to lattice modes.

A further proposed origin for the bands in the low wavenumber region is suggested from the 

work of Ostanin et al (2000). Depending upon the dopant cation concentration, the average 

cation coordination can be expected to lie between seven- and eight-fold due to the presence of O 

vacancies in YSZ. These workers imagine a ‘relaxation of the ions away from their regular
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lattice sites’ as the coordination changes, resulting in local coordination environments that are 

similar to those found in monoclinic zirconia. From data presented by Lopez et al, the Raman 

spectra of monoclinic zirconia have bands between 300 cm' 1 and 400 cm 1 that appear to show 

good correlation with the data of the present study of cubic zirconia. Specifically, the profile of a 

closely-spaced pair of bands at 335 cm'1 and 349 cm' 1 and a band at 384 cm' 1 in the data of 

Lopez et al (op. cit.) matches closely with a two-band system at 344 cm' 1 and 370 cm' 1 (actually 

comprising of an additional significant contributions from a weak band at 387 cm '1) and a weak 

band at 406 cm' 1 in the current study, although offset to slightly higher frequencies. However, 

the two strongest monoclinic bands in low region shown by Lopez et al (op. cit.) that lie between 

170 cm' 1 and 190 cm' 1 do not appear in the current work. Lopez et al (op. cit.) do not include a 

full assignment of the Raman bands of monoclinic zirconia but it can be inferred from their work 

that these bands may be attributed to the vibrations of trigonally-coordinated and distorted 

tetrahedrally-coordinated oxygen. However, the Raman spectrum of Y-FSZ-C published by 

Gogotsi (1997) is identical to much of the data presented in the current work. In this work, he 

states that none of the monoclinic zirconia bands were detected.

Overlaying all the sample spectra, there appears to be no dependence of the position of these low 

wavenumber bands upon the dopant chemistry.

Mid wavenumber region

In the mid-wavenumber region there is the strong, asymmetric band associated to the F2g mode, 

which has been previously discussed. Of note is the broadness of the band. Curve-fitting 

indicates that this band has typical FWHM of 30 cm' 1 to 40 cm' 1 Ishigame & Yoshida (1987) 

record that the F2g mode in isomorphous thorite, TI1O2, the FWHM of the band is only 7 cm '1. 

The broadness in the CZ Raman spectrum has been ascribed to disorder due to doping (Lopez et 

al, 2000), contribution from Aig and Eg modes (Ishigame & Yoshida, 1987, Cai et al, 1993) and 

because the band consists of the F2g components of both the q~0 and q^0 Raman-active optical 

phonon (Cai et al op. cit.). Ishigame & Yoshida (op. cit.) suggested two origins for the broad 

nature of the F2g band. The first model was that the broadness is related to a defect-induced first 

order Raman effect. The second model suggested that the second order Raman effect of the two- 

phonon process is responsible. Experiments at liquid He temperatures suggested to this group
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that the broad band is the first order effect due to crystal defects created upon the random 

replacement of Zr by Y and oxygen by vacancies. In the defect the six oxygen ions surrounding 

the vacancy shift significantly towards the centre of the vacancy and the four metal ions 

surrounding the vacancy also shift, but by a smaller amount. The defect space, consisting of a 

vacancy and surrounding six 0 “' ions contributes much to the Raman spectrum (Ishigame & 

Yoshida, op. cit.). These workers go on to state that appreciable changes in electronic coupling 

coefficients in the defect leads to changes in polarisability (and the dipole moment), itself 

leading to induced Raman scattering from the defect space. Calculations and representations of 

expected spectra using this model show that the F2g, Ajg and Eg fundamental modes all produce 

very broad bands (hundreds of cm '1) with features that are more intense but still quite broad 

(many tens of cm"1). The discrepancy between the observed and calculated frequencies for the Eg 

modes shown by Ishigame & Yoshida (op. cit.) may be explained by the effect of the four metal 

cations surrounding the vacancy lowering the crystal symmetry. Their calculated Aig modes have 

frequency distributions around 600 cm"1 and other similar values to those of the F2g fundamental. 

Experimentally they found Eg modes concentrated in a broad band between 100 cm’1 and 300 

cm"1 and some more at 600 cm’1 although this didn’t agree with calculated positions.

Figure 8.4 reveals that the F2g band is not always present or that the intensity of the band, relative 

to the low and high wavenumber band systems, is reduced. Repeat analyses of those crystals that 

did not produce an F2g band (YR and JI) did subsequently produce a band consistent with the 

other samples, during a later analysis session. These results are consistent with samples that 

show orientation-dependent Raman spectra. This behaviour is unexpected in samples of cubic 

zirconia. Crystals that belong to the cubic system are not expected to show such dependence 

because the structure is isotropic and the vibrations are symmetrical along three mutually 

perpendicular axes. Huong (1992) notes that cubic BN is strongly Raman anisotropic. The 

Raman spectra of BN show TO and LO modes because it has the zincblende cubic structure that 

lacks an inversion centre. Polarisation studies of oriented doped cubic zirconia may reveal 

Raman anisotropy and deviation from the perfect cubic structure brought about by the lattice 

defects.
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Overlaying the sample spectra showing this band suggests that it may be sensitive to the dopant 

used. Figure 8.6 and Table 8.3 indicate that the higher frequency component of the intense band 

(see Fig. 8.5) varies between 606 cm 1 and 623 cm '1.
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Fig. 8.6. Position o f the F2g band for the samples highlighted.

In order to test the possibility of a relationship to the dopant element, the position of the F2g band 

determined for the samples were plotted against the value of the atomic mass unit of the cation 

thought to be present based on light spectroscope and XRF determination. The results of this 

analysis are displayed in Figure 8.7.
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Fig. 8.7. Relationship between F2g band and dopant by XRF and light spectroscope.
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Figure 8.7 clearly indicates that there appears to be no clear relationship between dopant 

chemistry and position of the F2g band. From the published findings of many studies (e.g. 

Chopelas, 1991), this is somewhat surprising since the considerable differences in mass (see 

Table 8.5) should affect the O—T—O (where T is either Zr or the trivalent dopant cation) bond 

force constants, i.e. changing the vibrational energy of the bond. The samples with Nd as the 

dopant do seem to give lower values for the position of the F2g band. And, if the Nd values are 

ignored, the few remaining data points (spectroscope determination) do suggest a possible linear 

relationship between dopant atomic mass and band position. These factors might suggest that Nd 

has a considerably different effect on the structure of cubic zirconia, and in particular, on 

O—T—O.

The most obvious explanation for the lack of strong relationship is found in the large degree of 

disagreement between the dopant identifications of the two techniques. Figure 8.8 shows the 

relationship of the F2g band position to dopant cation for those three samples (V, JL and ZN) 

where XRF and light spectroscope do agree.
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Fig. 8.8. Relationship between F2g band and Y, Cr and Nd dopants determined by XRF and spectroscope.

As there are only three data points in Figure 8.8 the suggestion of a trend is misleading. Again, 

the low wavenumber value for the Nd-doped sample is indicative of a modified role of this 

cation in the structure when compared to the other dopants.
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High wavenumber region

The band system in the high-wavenumber region is consistent with that shown by Gogotsi (1997) 

but inconsistent with that published by Huong (1992). The system comprises a moderately sharp, 

intense band at 952 cm'1, an equally intense doublet/two closely-spaced bands 

(-1013 cm' 1 and -1080 cm '1) and a strong shoulder at about 1189 c m 1. Huong (1992) published 

a spectrum of Y3+-doped cubic zirconia with an intense, broad band centred around 1100 cm'1 

that is probably associated to a two-phonon process in addition to the one-phonon mode at 

-600 cm’1. The region between these two band systems is free of spectral features. Gogotsi 

(1997) does not expand on the origin of the complex band system in the range 900 cm'1 to 

1250 cm’1.

Figures 8.8 and 8.10 display this region of the spectra with data from all the samples overlaid. 

The band at 952 cm' 1 is shown separately from the ‘doublet’ for clarity. The bands appear to be 

completely insensitive to changes in the dopant chemistry.

None of the published work on zirconia collated during this study has described the origin (or 

even mentioned) the bands that occur in this portion of the Raman spectrum. In light of this some 

suggestions are made. One possibility is that the bands are attributed to a resonant enhancement 

occurring as a result of using an excitation that coincides with an electronic transition. Whilst 

this might be possible in samples JL and ZR (since a green excitation wavelength was used) all 

spectra display the same band system.
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Fig. 8.9. The 952 cm 1 band. All sample spectra shown but not identified to 
illustrate the identical positions.
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13500-

13000-

g  12500-

1 2 000 -

O  11500-

1 1 0 0 0 -

10500-

1 0 0 0 0 -

1000 1020 1040 1060980 1 080 1100 1120 1140 1160

Raman Shift (cm-1)
Fig. 8.10. The high wavenumber ‘doublet’ feature. All sample spectra shown but 

not identified to illustrate the identical positions.

A further possibility is that the bands are luminescence features from the excited REE cations. 

Naturally-occurring zircon enriched in REE has several bands above 1000 cm 1 (when a 514 nm 

laser is used) in their ‘Raman’ spectra that have been ascribed to laser-excited 

photoluminescence of the REE (Dr. Lutz Nasdala, pers. comm.). Furthermore, the complex band 

system between 950 cm 1 and 1250 cm' 1 in these results corresponds to the range 542 nm to 549 

nm. Burruss et al (1992) note from their study of laser-excited fluorescence in fluorite that this 

region of the visible spectrum contains some of the allowed electronic 4f orbital transitions of the 

RE elements Sm, Eu, Er, Ho, Pr, Eu and Tb. Those transitions of Nd appear to occur most 

strongly at longer wavelengths, however. If the bands observed are PL features of different REE, 

we might expect them to differ between samples. The constant position of the bands could be 

explained if they were PL features of Zr ions. Since PL features occur at fixed wavelengths the 

simplest method to test if the bands are related to PL would be to repeat the analyses with a 

different wavelength and compare the positions of the bands in absolute wavenumbers, or in nm.

Comparison of the spectra

As previously mentioned, the Raman spectra for the samples supposedly of the same dopant, 

either by spectroscope or XRF determination, and by colour, are shown overlaid in the Appendix 

figures A8.11 to A8.17. In the preceding discussion, the bands in the low- and high-wavenumber 

positions appear to show no dependence upon dopant chemistry. The summary of the spectral 

comparisons in Table 8.6 therefore concentrates upon the F2g band.
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Samples Relationship Spectral comparison

ZK, YR Erw by 
spectroscope

F2g present only in ZK.

ZO, ZR, 
ZN

Nd3+ by 
spectroscope

ZR and ZN almost identical F2g position, ZO approx. three cm'1 higher.

V, FA Y ,+ by XRF Significant difference in F2gband position. V^g 617 cm'1, FA^g 
611 cm"1.

ZN, JI, YR Nd3+ by XRF JI and YR identical spectra in low and F2g regions, Hard to compare ZN 
but may have very similar positions in low cm'1 region.

JL, ZP, ZR Cr3+ by XRF Differences in the low wavenumber region but similarities may be 
hidden by low signal to noise. F2g significantly different ZR^g 606 cm'1, 
JL^g 608 cm'1, ZPF2g 612 cm'1.

ZK, ZN, 
JI, YR

Similar colour All very similar in low cm’ region, although ZK has one band slightly 
different (may be due to low signal). Only ZK and ZN gave F2g bands. 
These have very different positions; ZKF2g 617 cm'1 , ZN^g 600 cm'1.

ZP, FA Similar colour Similar spectra in low cm’1 region. Significant differences in mid cm'1 
region ZP^g 612.5 cm'1, FAF2g 609.7 cm'1.

Table 8.6. Summary o f spectral comparisons for related samples, either by suspected dopant chemistry or colour.

Assuming that the position of the F2g band is related to the dopant, there are few conclusions to 

be drawn from the data. Some agreement can be seen between Nd determined by both 

spectroscope and XRF, however, the dataset is limited. Also, similar colours of zirconias almost 

certainly can be attained using different trivalent dopants. When spectra are compared, the 

position of the F2g band strongly suggests that FA and JL (and possibly also ZO) have the same 

dopant, as do ZP and ZK, and also ZR and ZN. Further comments could be made if all sample 

spectra contained the F2g band.

Raman spectra and colour centres

A very brief outline was given for some of the mechanisms for creating colour centres in crystals 

in 8.4. It is clear that substitutional impurity, i.e. the dopant trivalent REE cations, leads to the 

creation of colour centres by the generation of lattice defects. From the discussion of the F2g 

Raman band of the samples studied, it is apparent that the Raman spectrum is sensitive to certain 

point defects. However, it is not possible from these data to distinguish between the colour 

centres or to comment more accurately.
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Much more could be learned about the colour mechanisms and defect systems by studying the 

laser-induced photoluminescence and absorption spectra. For example, the technique of UV 

laser-excited PL has proved invaluable in the study of high-pressure, high-temperature treated 

natural brown diamonds (Smith et al, 2000). Analysis of the PL bands associated with the 

different defect systems (H3, H4 and N3) before and after treatment to reduce colour has 

elucidated on the structural changes within the lattice that occur on treatment and contributed 

much to the understanding of the colour mechanisms within diamond. The technique was proved 

to be far more sensitive than IR, CL and X-ray topography. The colour differences in the 

zirconias probably correspond to emission bands of different cations. Table 8.5 lists the ionic 

radii of the REE thought to be present as dopant ions. Schulman & Compton cite differences in 

this value as an important factor in the ‘colourability’ of crystals. Where the same dopant is 

thought to be responsible for producing different colours in the zirconias studied, the effect may 

be explained by concentration differences, or by the presence of different colour centres. These 

may result from different ‘growing’ conditions, e.g. temperature, or subsequent treatment, e.g. 

X-ray irradiation.

8.8 -  Conclusion

There appear to be no other systematic Raman spectroscopic studies of ‘gem’ cubic zirconia 

where the different doping agents are thought to be known. Other vibrational studies have 

centered on those zirconias used in industry where the dopants are generally limited to Y3+ and 

Ce3+.

Because there was little agreement between the spectroscope and XRF determinations of the 

dopant it has not been possible to correlate changes in the Raman spectra with chemical changes. 

Under these conditions, the Raman spectra have proved inconclusive in correlating chemical 

dopants with chemical determinations. Plotting the position of the F2g band against the mass of 

the dopant determined by spectroscope suggests a possible relationship, although the dataset is 

extremely small. The role of Nd3+ in the structure appears to differ from that of the other trivalent 

cations based on the deviation from this possible linear trend and the fact that, what appear to be, 

Nd-doped samples have markedly lower values for the position of the F2g band.
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Similarly, the Raman spectra of stones of the same colour do not correlate. This supports the 

well-known fact that different ions can be used to impart the same colour on certain crystals. 

However, the F2g band may be sensitive to the dopant used and some samples have been related 

on the basis of this feature.

The differences noted in the study of the CZ’s at the jewellery trade show must have been due to 

orientation-dependence of the crystal during analysis. The cubic structure must be sufficiently 

perturbed by the presence of localised, ordered defects for the selection rules to break down, or, 

as with ‘cubic’ BN there is Raman anisotropy due to the lack of an inversion centre. Sufficient 

‘cubicity’ must be retained, however, since the samples are brilliant and ultra-hard. The data 

suggest no evidence for the presence of the tetragonal phase although the situation with 

monoclinic bands is less clear. Based on the similarity of the sample spectra in the low 

wavenumber region with those published of monoclinic zirconia, the data may indicate discrete 

regions of monoclinic zirconia that results from the local decrease in coordination due to defects. 

However, the absence of the strong, characteristic ‘monoclinic bands’ and the increased 

frequency of the band system are unexplained and so the assessment is tentative.

MicroRaman is an excellent method for distinguishing cubic zirconia from other substances. 

Also, as many other studies into ceramics and engineering have shown, it is an excellent method 

for discriminating between the polymorphs of zirconia. However, it does not appear to be a 

sensitive technique for elucidating on the colour mechanisms. The instrument can be used, 

however, to record laser-excited luminescence. Photoluminescence is more sensitive to changes 

in dopant chemistry.

8.9 -  Further work

There is clearly much scope for further work in this area. Of primary importance would be to 

acquire more published literature on the vibrational spectroscopy of zirconias, and in particular, 

cubic zirconia. Predominantly the subject of ceramic and engineering journals, the gemmological 

references should also be searched. The literature used in this study failed to account for many of 

the observed bands and little agreement was found between sources for the origin of the bands.
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The Renishaw RM instrument can also be used to record the absorption spectra, in addition to 

Raman and PL spectra. This could be an excellent way of rapidly and accurately obtaining the 

wavelengths of absorption of the dopant ions. The light spectroscope appears to be a rather 

subjective means of identifying the species.

Photoluminescence (both at room and LN2 temperatures) studies should also be carried out using 

the RM. If the observed band system between 900 cm '1 and 1250 cm '1 is associated with REE 

emission then laser-excited fluorescence is an excellent means to determine the nature of the 

REE. As with fluorite, the dominant 1st order Raman band of cubic zirconia (the F2g mode at 

about 600 cm '1) is well-removed from the possible ‘emission’ region. Shorter, ‘deep’ visible 

excitation, probably around 400 nm, would be successful in exciting the electronic emissions. In 

addition, much could be learned about the dopant ions by using excitation wavelengths toward 

the red end of the spectrum. This is because many of the strongly-allowed transitions of the REE 

ions occur between 580 nm and 680 nm (Burruss et al 1992). The application of this method to 

the study of diamonds is well known.

MicroRaman analyses at LN2 temperatures might allow the collection of much sharper Raman 

bands. If the change in dopant causes very small changes in band position the enhanced spectral 

resolution offered by this type of analysis may make the shifts easier to quantify. Polarisation 

studies should also be carried out on oriented crystals to elucidate on the structure as it clearly 

deviates from true cubic.

Since heavy atoms will have lattice vibrations at low frequencies, analysis close to the excitation, 

either with double or triple spectrometer or with Renishaw NExT filter, may be more sensitive to 

changes in mass than the spectral region obtainable from notch filter-based instruments. There do 

not appear to be any published studies of the low wavenumber shift Raman spectra of doped 

cubic zirconia.

A larger sample set of known origin and REE/dopant would be useful in continued Raman 

analysis. As the spectroscope and XRF techniques are inconclusive, other techniques such as
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ELNES (Electron Energy-Loss Near-Edge Structure) or cathodoluminescence (CL) should be 

used to confirm the dopant chemistry. It would be interesting to determine which band(s) are 

sensitive to change in dopant and plot band position against ionic radius or the atomic mass of 

dopant.

145



9 -  Geochronological zircon applications

9 -  Applications of Raman spectroscopy to geochronological 
zircon

Zircons are widely used in geochronology. However, the accuracy of the dating can be 

dependent on the detection of radiation-damaged grains, which may have lost radiogenic Pb. In 

this, the third application of microRaman spectroscopy to the study of crystal structure, the aim 

is to discuss the importance of ‘metamict’ zircons and assess different methods of using 

MicroRaman spectroscopy to assist geochronologists in the selection of crystalline zircons.

9.1 - Introduction

The importance of crystals of zircon for the dating of rocks in which they are found has long 

been recognized. Since the 1960’s experimental methods based on mass spectrometry (MS) have 

been used to help constrain rock histories, from formation and cooling to subsequent periods of 

metamorphic activity and structural events. Modifications to the MS technique and the 

development of new analytical methods to probe the structure and chemistry of zircon grains 

have seen enormous strides in the precision and accuracy of the dates determined as well as into 

the understanding of geological processes. Amongst the latest additions to the geochronologist’s 

arsenal is Raman spectroscopy. The technique compliments existing methods but has yet to be 

applied routinely.

In this study, Raman mapping and imaging are used to aid the detection of zircons grains suitable 

for geochronological analysis.

9.2 - Geochronology/Isotopic dating

Zircon is a relatively common accessory mineral in sedimentary, igneous and metamorphic 

rocks. Its primacy as a dating tool is attributed to its high melting temperature and resistance to 

chemical and physical agents. Zircon has the formula ZrSiC>4. U and Th plus other trace elements 

of similar ionic radii substitute quite readily for Zr4+ (0.72-0.84 Angstrom). Typical U contents 

of magmatic zircons range between 10 ppm and 4000 ppm although contents of up to a few wt% 

have been recorded (Nasdala, et al, 2001). Wopenka et al (1996) expand on the chemical 

complexity of zircon stating that Hf may account for more than 7 wt% and up to 50 elements
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may be present, substituting for both Zr and Si. Dating techniques exploit the natural decay of 

radioactive U to stable isotopes of Pb. Since the zircon structure largely precludes the large Pb 

isotopes during initial crystallization, all the Pb present in the structure is radiogenic Pb. Kober 

(1986) states that the common Pb content of crystalline zircon is <2 x 10'12 mol.

Data from experiments on zircon populations are plotted on so-called concordia or isochron 

diagrams. Common Pb corrected values of 206Pb/238U are plotted against 207Pb/235U. The natural 

decay curve of U acts a reference line: the ‘concordia’ (Wetherill, 1956 In: Dickin, 1995). 

Concordant isotopic values measured from the zircons fall on a linear array with upper and lower 

intercepts on the concordia. The regression line through these points represents the natural 

evolution of the U-Pb system if the system remains closed. For a simple magmatic system the 

upper intercept represents the age of crystallization; the age of closure of the U-Pb system. This 

is inferred as the age of the rock. The lower, younger intercept may represent a thermal event 

such as metamorphism, if supported by other geological evidence (Dickin, 1995). Open U-Pb 

systems produce discordant points and reflect a disturbance in the U-Pb systematics. The 

principal cause of discordant data is Pb and U loss; the closed system has become open. 

Processes that could account for this are metamorphic and structural events.

Further complications to the dating of zircon arise if the crystals become overgrown by much 

younger zircon material, for example, during metasomatic episodes. Nasdala et al (1996) note 

that overgrowths and metamorphically-recrystallised zircon are more robust and have not lost 

Pb. Rather, these areas are Pb-free since the structure excludes large common Pb atoms. 

Inheriting ‘ancestral’ zircons may contaminate young granite bodies; dating such cores will lead 

to erroneously old ages.

9.3 - Pb loss in zircon

It is readily seen from the above that Pb loss is the limiting factor in the isotopic dating of zircon. 

It was identified as such by Holmes in 1954 and leads to discordia scatter, particularly at lower 

ages (Dickin 1995). Pb loss due to geological process or radiation damage will lead to ambiguity 

in dating (Hogdahl et al 2001). Dickin (1995) provides a useful summary of the history of the 

Pb-loss models developed. A continuous diffusional process had wide support but more recent
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investigations (e.g. Meldrum et al 1998, Connelly 2000, Cherniak and Watson 2000) suggest that 

the process is so slow for crystalline zircon that the effects are negligible. Indeed, Cherniak and 

Watson (2000) state that it would take 108 or 109 years for 1% Pb loss to occur in a 10 

micrometer grain at >750°C. At higher temperatures Pb loss would be more significant but 

complete resetting of the ‘U-Pb’ clock would not always occur. It is for this reason that primary 

magmatic zonation commonly observed in even extremely old zircons is preserved (Connelly 

2000).

Various workers, invoking microfissures and networks of capillaries and fluids to enable Pb to 

be escorted away from the host zircon, modified the diffusional model (references In: Dickin 

1995). It is widely reported from studies on natural and synthetic zircons that radiation damaged 

grains exhibit dramatically faster rates of Pb loss (Nasdala et al 1996, Meldrum et al 1998, 

Cherniak and Watson 2000, Connelly 2000). Zircon altered by internal damage caused by the 

radioactive decay of elements in the structure loses Pb very rapidly while unaltered zircon loses 

no Pb under normal crustal conditions (Mezger and Krogstad in Connelly 2000). The altered 

state also shows a marked decrease in stability against dissolution (Nasdala et al 1996, Davis and 

Krogh 2000) The exact process by which Pb is lost in zircon is complex and likely to be different 

in each case and probably the result of several processes (Dickin, 1995). Temperature and fluids 

play a vital role. It has been shown that Pb loss by diffusion and leaching is far more rapid at low 

temperatures (Cherniak and Watson 2000). Experiments by Davis and Krogh (2000) on the acids 

used to prepare zircons for isotopic analysis show that leaching occurs from radiation damaged 

areas and has implications for the dating process.

9.4 - Mass Spectrometry techniques

Several analytical techniques based on mass spectrometry exist. A favoured method is Thermal 

Ionisation Mass Spectrometry (TIMS), a single crystal evaporation technique providing high 

precision data. As the name implies individual grains are annihilated by a controlled thermal 

source (usually a rhenium filament) and the resulting ‘vapour’ analysed for its isotopic content. 

With this technique Kober (1986) claims sub micrometer spatial resolution from individual 

grains because different temperatures are used to drive off the weakly-held Pb associated with 

damaged sites (Ansdell and Kyser 1993, Davis and Krogh 2000). Ansdell and Kyser (1993) point
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out that the technique would struggle to provide accurate data in the presence of intergrowths 

and other structures.

Inductively-Coupled Plasma Optical Emission Spectrometry (ICP-OES) also requires the use of 

whole grains. Generally, separated grains are dissolved very slowly in acid (HC1, HNO3 and 

H2SO4) and the solution passed in aerosol form to the plasma ‘torch’ where it is atomised. The 

spectral emission is analysed by the spectrometer; the wavelengths and intensity of signal 

corresponding the elements present in the sample. Although a more accessible technique, there 

are problems with spectral interference and practical difficulties associated with digestion. 

Crystalline grains may take days to go into solution at high P and elevated T (220°C) in Teflon 

‘bombs’. Kober (1986) states further that the technique fails if the zircons are structurally 

complicated.

Clearly, the quantitative analysis of a discrete region offers advantages over whole grain 

methods. Secondary Ion Mass Spectrometry (SIMS) uses an 02’ beam approximately 15 

micrometers in diameter to continuously excavate a flat-bottomed pit in a polished zircon grain 

section. A secondary beam of Pb ions is generated and analysed by a double focusing mass 

spectrometer (Dickin, 1995). Nasdala et al (1998) note an almost constant pit size for both 

crystalline and radiation-damaged grains. Given the complexity of the instrumentation and 

expense, ion probes are not widely available. Their principal drawback is interference from 

molecules of similar mass to Pb isotopes (Dickin 1995). A further restriction is raised by Davis 

and Krogh (2000); the aggressive nature of the spot sampling precludes the use of cracked 

grains. This effect is circumvented by a related ‘spot’ technique, Laser Ablation -ICP-MS. 

Vapourised material ejected from a pit is carried in a stream of Ar gas to the plasma torch where 

it is atomised then passed to the mass spectrometer. Connelly (2000) suggests the technique is of 

limited elemental precision and Dickin (1995) cites applications where it has advantages as a 

‘reconnaissance’ tool.

Grain selection for MS

Aftalion et al (1987) describe a typical sample preparation required for analysis of zircons by 

MS techniques. Initially the rock sample is crushed in a jaw crusher or fly-press. Secondary
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crushing is provided by a disc mill or TEMA. Heavy minerals such as zircon are separated from 

the lighter mineral constituents by using a Wilfley table and heavy liquids that exploit density 

differences. Magnetic separation discriminates the required low-Fe non-magnetic zircon, which 

is then sieved into size fractions. Handpicking can produce 99% zircon purity. Acid washing 

removes any surface impurities such as pyrite. Connelly (2000) describes how reflected light 

microscopy using an 80x objective allows the first order selection of suitable grains by the 

classification by colour, morphology and large inclusions. Higher magnification tools using 

transmitted light are used to characterise populations further based on inclusions, cores and the 

observance of magmatic zoning. Despite the thorough optical investigation Connelly observes 

that discordant data persists and he is one of a number of workers that call for a reliable method 

to identify suitable i.e. concordant, grains. It is here that MicroRaman has been identified as a 

potential analytical solution.

9.5 - Metamictisation

Zircon becomes metamict as a result of accumulated damage to the crystal structure caused by 

radioactive decay of U and Th substituted for Zr during initial crystallization (Woodhead et al 

1991b). With prolonged damage the structure attains a glass-like, amorphous state. It had been 

thought that bulk unmixing to the component oxides might result from the process of 

metamictisation but several recent studies (e.g. Salje et al 1999, Zhang et al 2000a) suggest there 

is no evidence for this.

The mechanism by which zircons become metamict is still not well understood (Weber et al 

1994) despite the vast amount of attention the subject has received. In 1914 Hamberg suggested 

that radiation damage was key (Murakami et al 1991). During the 1950’s a model relating the 

degree of damage to the age of the zircon was expounded and received more attention in the 

1970’s. Given the number of uncertainties recently highlighted (Nasdala et al 1995) this method 

cannot be considered reliable. Unsurprisingly, a variety of models have been developed to 

account for the catastrophic structural collapse of zircon to the amorphous state.
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Processes that lead to metamictisation and an understanding of chemical diffusion and the 

structural change in zircon have implications for nuclear waste storage (Chakoumakos et al 

1987). Salje et al (1999) discuss some of the previously favoured models. Three radioactive 

decay processes contribute to the amorphisation of zircon. Emissions of high-energy a-particles 

(-4 MeV to 6 MeV) from U and Th atoms were originally thought to account for zircon lattice 

damage. This energy is now thought to be associated with ionization with only a small 

proportion of elastic collisions with other particles. The number of ensuing atomic displacements 

from elastic collisions, causing incipient amorphisation, is thought to be of the order of 102 

(Weber et al 1994) over their path length of -10 000 nm. The isolated defects created by the a- 

decay particles are called Frenkel pairs (Rios and Salje, 1999). Nasdala et al (1996) note that if 

the main cause of structural damage was a-radiation or spontaneous fission fragments then 

diffuse haloes, as observed in many biotites (and discussed in section 7), should be present. No 

studies have observed these diffuse zones in zircon.

It has been stated that the nucleus from which the a-particle is emitted has a recoil energy of 

-0.1 MeV and a path length of -20 nm (Weber et al 1994). Unlike a-particle emission, all this 

energy is dissipated in elastic collisions, leading to 103 atomic collisions and resulting in 

considerable localized damage (Weber et al 1994, Rios and Salje, 1999). This process is thought 

to the principal source of radiation damage in zircons (Davis and Krogh, 2000), biotites, 

monazites and titanites (Nasdala et al, 2001). Local amorphisation occurs as a result of the 

spontaneous local collapse of the crystal structure due to the high concentration of the local 

defects. Eventually, the accumulation of structural defects and amorphous nanoregions leads to a 

loss of long-range structural order (Weber et al 1994). With increasing a-recoil damage the 

defect regions overlap. Murakami et al (1991) used XRD and HRTEM to define three stages in 

the amorphisation of zircon, based on the relative proportions of crystalline to amorphous 

regions. By the third stage the XRD pattern is a diffuse halo and represents an absence of long- 

range periodicity, i.e. the substance has become X-ray amorphous. However, Salje et al (1999) 

note that XRD can give misleading or erroneous determinations of metamictisation. They point 

out that some glasses may have a diffraction pattern very close to that of related crystal 

structures. Rios and Salje (1999) observe the limitations of using XRD to study metamict grains.
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Firstly, the powder pattern reflects the average of a range of grain sizes and grain orientations 

and secondly, that grinding may introduce defects that were not intrinsic to the original grain.

Nasdala et al (1996, 2001 for an excellent, brief discussion of the origin of radiation damage) 

note that zircons may be heterogeneously metamict, since the distribution of U and Th within a 

crystal is similarly heterogeneous. Consequently, techniques used to probe the distribution of 

crystallinity or metamict zones must be capable of high spatial resolution.

The third process, y-decay causes negligible destruction.

In order to quantify the amount of radiation damage a crystal has experienced, the a-decay event 

dose was introduced. Murakami et al (1991) provides an equation to determine the dose and 

provides value ranges for the three stages in the amorphisation process. Workers in this field 

appear to agree that a dose rate of the order ~0.5xl016 a-decay events mg’1 is required for a 

crystal to attain the X-ray amorphous state (Chakoumakos et al 1987, Nasdala et al 1998, Weber 

et al 1994). Meldrum et al (1998) have shown that the older the crystal the higher the dose rate 

required for it to become metamict. Increasingly in the literature, the dose is expressed as 

displacements per atom, dpa; a dose of >0.7 dpa would lead to complete amorphisation 

(Meldrum et al 1999a).

Chakoumakos et al (1987) correlated birefringence with a-decay damage in an attempt to 

estimate the dose rate. Along with a change in the birefringence of zircon, Murakami et al (1991) 

list many other physical changes that occur upon metamictisation:

• Decreases in density (17%), RI and birefringence (until isotropy), intensities of optical and 

IR absorption signals (until isotropy) as well as diffraction maxima, elastic modulus, 

hardness and thermal conductivity

• Increases in thermoluminescence, adsorbed H2O, susceptibility to dissolution and chemical 

diffusion and unit cell dimension (5%)

• A darkening in crystal colour
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The changes in the diffraction lines have been attributed to interstitial defects and decreasing 

grain size as the volume of aperiodic, non-crystalline component increases. Differential strain 

experienced by remaining crystallites may contribute to the broadening (Murakami et al 1991).

Several workers have noted the occurrence of radiating macro fractures in zircons with metamict 

zones. The fractures are the result of expansion in metamict zones leading to internal stress and 

cracking in the crystalline portions on the grain. Nasdala et al (1996) suggest that they are 

characteristic of heterogeneous metamictisation. Chakoumakos et al (1987) report that the 

fractures do not penetrate through the metamict layers since these have a low elastic modulus 

compared to the crystalline zones. Fracturing leads to diffusive or heterogeneous redistribution 

of Pb and makes grains more susceptible to attack (Wopenka et al 1996) since the fractures 

provide additional pathways for element mobilisation (Chakoumakos et al 1987). Studies by 

Nasdala et al (1998) similarly report that metamict grains are more susceptible to Pb loss than 

crystalline grains but that metamictisation is not the cause of Pb loss.

It is not possible to distinguish metamict grains or metamict regions within grains using standard 

optical techniques. Nasdala et al (1995) note that any of the structural analytical techniques, 

typically NMR, X-ray absorption, X-ray diffraction and IR spectroscopy can be used to 

determine amorphisation in zircon. Woodhead et al (1991b) used IR to study the H2O (as OH) 

content of crystalline and metamict zircons in an attempt to correlate OH content with degree of 

amorphisation. It was found that the structural disorder and disturbance in metamict zircons 

allowed a multitude of possible sites for OH with a range of hydrogen bond lengths and strengths 

and consequently, a wide range of possible OH contents. Woodhead et al (1991a) determined 

that OH is not essential to the metamictisation process but may stabilise the amorphous state. 

However, the role and effect of H2O on the transformation is open to debate. XRD has proved a 

popular method although Nasdala et al (1997) suggest that the method is only good for 

crystalline to disordered but not amorphous grains. In many XRD studies a large whole grain is 

micronised, as a consequence only very general information can be learned (Nasdala et al 1995). 

HRTEM and Electron Diffraction patterns have been used to assess the degree of crystallinity 

(Murakami et al 1991).
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Annealing

Whilst poorly understood, the processes of amorphisation are counter-acted in some instances by 

the annealing process. Synthetic and artificially-damaged natural zircons have been used to 

attempt to understand the damage accumulation and annealing processes. Many studies (e.g. 

Zhang 2000b, 2000c, Capitani et al 2000) suggest that thermally-driven annealing is a multistage 

process and may occur over a range of temperatures (600K to 1800K, Zhang 2000b) depending 

on the initial degree of damage. Some workers also suggest a possible intermediate phase but this 

has not received much support. Moreover, severely damaged grains are annealed at a much 

slower rate than only partially damaged grains, if at all (Murakami et al 1991). Indeed, grains 

that have only attained Stage 1 (some regions of aperiodicity and rare occurrences of misoriented 

crystallites) may anneal over geological time (Murakami et al 1991). Weber et al (1994) suggest 

that with even over the vast timescales involved, high activation energies preclude the recovery 

of the amorphous state under ambient conditions.

Recrystallisation refers to the regrowth of crystalline material. Annealing, on the other hand, 

requires simply the repair of disrupted bonds by the reordering of nearest-neighbour atoms. 

Colombo et al (1999) used XRD to study the recovery of the short-range structural order to 

transform metamict to crystalline zircon. They found that annealing changes the average Si—Zr 

and Si—O distances, while Zr—Zr distances are not affected. This fundamental difference 

implies that while recrystallisation leads to a ‘resetting’ of the U-Pb isotopic ‘clock’, since 

radiogenic Pb is mobilized, annealing is not necessarily associated with Pb loss (Nasdala et al 

2001). Annealed zircons will have a structure strongly dependent on the initial state of radiation 

damage (Capitani et al 2000).

Studies into the temperature relationship of annealing have drawn conflicting conclusions. Davis 

and Krogh (2000) argue the annealing of a-recoil damage is neither spontaneous nor continuous 

and is influenced by thermal events. Cherniak and Watson (2000) proposed the concept of a 

‘critical amorphisation temperature’ value (360°C to 380°C, depending on U content). If the 

system was raised above this temperature then annealing rate > metamictisation rate and no 

amorphisation would occur. Some workers argue for temperatures close to that of 

recrystallisation whilst others for far more moderate, even surface temperatures (Nasdala et al
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2001 for references). This could well be due to the variety of competing thermal annealing 

mechanisms. Woodhead et al (1991a) point to the effect of H2O on annealing. Fluids may play a 

role by lowering the temperature and increasing the rate of crystallization. Counter-acting this, 

the presence of impurities is thought to slow the annealing process (Meldrum et al 1998).

Given the above, it is apparent that the derivation of concordant zircon ages rests squarely on the 

selection of the correct grains, particularly for whole grain techniques. Davis and Krogh (2000) 

observed a clear link between radiation damage and enhanced solubility of 234U and radiogenic 

Pb, and that leaching from damaged, but not metamict, sites has implications for discordance of 

ancient zircons. The heterogeneous nature of U and Th distribution, and therefore degree of 

amorphisation, similarly requires that equally careful selection be made for the ‘spot’ analyses. 

The use of CL and BSE gives -20 micrometer spatial resolution and aided by HF etching for 

zones/structures and this has proved useful in certain instances (e.g. Nasdala et al 1998).

9.6 - Raman spectroscopy of zircon

Zircon belongs to the tetragonal crystallographic system with the space group /^//amd (D ^19) 

(Nasdala et al 1995). The structure consists of isolated SiC>4 tetrahedra with strong internal Si— 

O bonds linked by weaker M—O bonds where M=Zr4+ or others that substitute in 8-fold co

ordination. Alternatively, the structure can be considered as edge-sharing SiC>4 tetrahedra and 

ZrC>8 dodecahedrons (Nasdala et al 2001). The structure of metamict zircon, however, is debated 

(Woodhead et al 1991a).

Vibrational spectroscopy has proved to be highly effective in elucidating the process of 

metamictisation. Woodhead et al (1991a) used IR and FT-IR to study crystalline and metamict 

zircon. However, the techniques require extensive sample preparation. Carefully cut and 

orientated thin plates (sub mm) must be mounted in KBr pellets. Consequently, the method does 

not preserve the entire structure and precludes the grain from other analytical techniques.
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Wopenka et al (1996) list the fundamental modes and their frequencies and these are reproduced 

in Table 9.1. Figure 9.1 shows a Raman spectrum recorded by the author from a single euhedral 

zircon crystal. Some of the bands have been assigned to vibrational modes.

Raman shift Symmetry Assignment

1008 cm'1 Eg
v3

S i0 4 anti-symmetric stretch

974 cm'1 A ]g
Vi

S i0 4 symmetric stretch

439 cm'1 Ajg
V2

S i0 4 anti-symmetric bend

355 cm'1 Eg
v4

S i0 4 symmetric bend

224 cm'1 External (lattice) modes rotational

201 cm 1 External (lattice) modes translational

Table 9.1. Positions of the most intense Raman vibrational modes o f zircon and their assignments (after Wopenka et 
al 1996)
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Fig. 9.1. Zircon Raman spectrum.

Other strong bands have been recorded in the literature between 200 cm '1 and 350 cm 1 that are 

also attributed to external vibrations; the translation and rotation of nearly rigid tetrahedra in 

relation to Zr atoms. It might be expected that the Ajg mode be the most intense spectral feature,
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as is observed in the Raman spectra of other orthosilicates (Nasdala et al 1995). However, the 

spectrum is dominated by the V3(Si04) band (the B |g mode of Nasdala et al e.g. 1995).

Nasdala et al in a series of papers (1995, 1996, 1998, 1999 and 2001) used the Raman spectrum 

to study the metamictisation of many zircons. Lutz Nasdala et al were the first to correlate the 

degree of metamictisation with changes in the Raman spectrum in the key study published in 

1995. It has been widely reported since that initial study of Nasdala et al (1995) that with 

increasing metamictisation the Raman lines of zircon broaden and shift to lower frequencies (e.g. 

Nasdala et al 1995, Zhang et al 2000a); the so-called mode softening behaviour. Indeed, the 

external modes of medium to highly metamict grains degrade to a single broad feature -200cm’1.

The estimation of crystallinity of polished grains is based on the FWHM of the ^(SiCL) band, 

found to be most sensitive to structural change. The data of Nasdala et al (1995) correlating the 

FWHM to crystallinity is given in Table 9.2.

F W H M V3(Si04) Degree of 
crystallisation

<5 cm’1 very well crystallised

<10 cm’1 well crystallised

1 0 -2 0  cm '1 intermediate

>20 cm’1 metamict

>27 cm '1 highly

metamict/amorphous

Table 9.2. Classification o f  the degree o f  metamictisation (after 
Nasdala et al 1998)

In a later study (Nasdala et al 1999) the FWHMv,(Sio-t) was correlated with degree of discordance 

of U/Pb data. The shift in frequency of the WtSiCL) peak has been reported at up to -30 cm '1 

(Hogdahl et al 2001). Broadening of the external modes suggests that the lengths and angles 

become increasingly irregular (Nasdala et al 1995, Wopenka et al 1996). Internal vibrations of 

the SiC>4 tetrahedra remain throughout the metamictisation process (until a totally amorphous, 

glassy state is attained) suggesting SiCL tetrahedra remain stable but the lattice becomes 

disordered. Nasdala et al (1995) point to a continuous lattice decay with the environment of Zr4 

ions becoming increasingly disordered until no external Raman vibrations, i.e. vibrational 

activity of the Zr—O bonds.
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From an IR study, Woodhead et al (1991a) suggested that broadening of fundamental and 

combination modes suggests that the D2d symmetry of the S i04 tetrahedron is lost with 

metamictisation, possibly caused by rotating and tilting in response to Zr4+ displacements. A 

similar explanation was given by Nasdala et al (1995). Wopenka et al (1996) noted strong 

correlations between concentrations of REE elements and the position, intensity and FWHM of

the V3(Si0 4) across a chemically-zoned lunar zircon and concluded that crystal structural damage

was the cause. They recorded FWHMV3 values between 12.7 cm '1 and 23.3 cm '1 for U-poor and 

U-rich regions, respectively. Although increased REE content must lead to increased a-recoil 

damage, Nasdala et al (1995) suggest from annealing experiments that neither increased FWHM 

or peak position shifts are related to increased trace element content. The same annealing data 

also reveals that these spectral features cannot be attributed to the presence of water/hydroxyl 

groups. The shift in peak position of the mode has been explained by some workers (e.g. 

Wopenka et al 1996) by increased interatomic distances caused by the slight increase in lattice 

size and increased atomic distances that would occur as the lattice expands. These effects are 

observed in XRD patterns and density data from metamict zircons. Peaks can be further 

broadened if the analysed crystallites are very small in relation to the overall size of the grain or 

if the analysed region is a glass.

Crystalline zircon is a relatively strong Raman scatterer. Analysis of metamict zircon, however, 

is hindered by very low Raman scattering potential. Also, Nasdala et al (1998) found that 

brown/black zircons exhibited some thermal sensitivity when excited by the laser. The crystals 

were observed to change colour slightly unless the incident laser energy was below a ‘critical’ 

value of 5 to 10 mW/|im3. Nasdala et al (1998) cite instrument broadening (instrument function) 

and uneven background from fluorescence as limiting factors in the calculation of the FWHM 

values. The former can be avoided by ensuring that the instrument is capable of a spectral 

resolution of better than 3 c m 1. In the same study, Nasdala et al explain the need for a confocal 

instrument arrangement, especially when the sample is mounted in an epoxy or other inherently 

Raman-active medium. As with many other Raman spectroscopy studies, ‘Raman background’ is 

commonly cited as a problem in the analysis of metamict zircons. Indeed, Nasdala et al (1995)
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note that ‘Raman background’ can completely swamp the peaks. An increased background signal 

in the low wavenumber region of zircon analysis has been attributed to the vibrations of weakly- 

held water or related structural groups. Dehydration experiments appeared to reduce the 

background (Nasdala et al 1995).

The usefulness of the V3(Si04) peak for crystallinity estimations is enhanced by its frequency 

with respect to the exciting line. Laser-induced fluorescence of trivalent REE ions may cause 

additional peaks in the Raman spectrum and add to the background (Wopenka et al 1996).

Raman spectroscopy has also helped determine that the products of metamictisation are not 

oxides of Si and Zr, as was thought to be possible. These compounds would produce Raman 

bands of their own. Only one study has observed the predicted bands of Zr02 (e.g. Zhang et al 

2000a), in a sample of unknown geological history, lending weight to the argument that 

metamictisation is a disorder phenomenon not a breakdown phenomenon. However, there is 

evidence for the presence of Si02 and Zr02 as intermediate phases in the recrystallisation of 

highly metamict zircon at high temperatures (Capitani et al 2000).

In the IR studies of Woodhead et al (1991a,b) a more extended region of the vibrational 

spectrum was analysed. Although ostensibly research into the nature of the hydrous species in 

zircon, they reported on several peaks not found in the Raman literature. These workers suggest 

that peaks at -3200 cm '1, -3100 cm’1 and -2750 cm '1 could be used as a sensitive measures of 

crystallinity. The latter of these is thought to be unrelated to trace element chemistry and 

therefore is of particular interest. Woodhead et al (1991b) did not go as far as attributing these 

bands to any vibrational behaviour.

The previous discussions have highlighted the importance of crystalline zircon grains in 

geochronology and the mechanisms by which crystal structure can be lost (and regained) and the 

system opened to chemical loss processes. Many workers have called for a reliable technique to 

discriminate crystalline zircons from metamict grains that lead to discordia and geologically- 

meaningless data. Whilst CL and BSE have proved useful in some instances Cherniak and 

Watson (2000) note that there are differences in the diffusion rates of the REE and Pb in zircon.
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This could render useless the more ‘accurate’ locating of ‘spot’ analyses on the basis of defined, 

chemically zoned layers. Nasdala et al (1996) were the first to suggest Raman for screening 

grains for age determination candidates. The aim of this crystal structure investigation is to 

assess Raman spectroscopy, using different approaches, in an attempt to solve some of the 

common problems associated with grain or ‘spot’ selection in the analysis of geochronological 

zircon.

Samples

Obtaining samples for use in this study proved to be difficult. Ideally, well-characterised zircons 

from well-studied suites and displaying a range of crystallinities would be used. Prof. R.R. 

Parrish, Director of the NERC Isotope Geosciences Laboratory (NIGL), Keyworth, 

Nottinghamshire, supplied zircon grains from very different provenances and of very different 

ages and geological histories. An indication of the concentration of U was given. The four suites 

were to be mounted in epoxy and polished flat by C.D. Storey to aid analysis under the 

microscope. Unfortunately, a problem arose during the mounting and polishing process that 

resulted in most of the grains being lost during polishing. Analysis using MicroRaman 

spectroscopy of the surviving grains revealed them to be extremely well crystallised and unzoned 

and of little use in this study. Dr. J.B. Nelson supplied a large (approximately 1.5 cm), zoned Sri 

Lankan crystal, polished on two parallel sides and around one hundred grams of very high purity 

zircon sand. Some of this sand was prepared as a grain mount on a glass slide. Dr. G. Foster 

supplied a polished block containing several zircon grains that had been analysed using a LA- 

ICP-MS technique. Bi-directional ablation tracks on the grain surfaces can clearly be seen under 

the microscope.

9.7 - Global Raman imaging 

Introduction

The use of global Raman imaging has found applications in many areas. It permits the spatial 

distribution of substances with different Raman spectra to be rapidly determined. Spatial 

resolution can be as high as 1 micrometer. The method is described previously in this study 

(section 3.3). By means of illuminating a large area of polished zircon grain it should be possible
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to distinguish between crystalline and metamict regions by selecting a narrow pass-band for a 

characteristic Raman band of either species. Where a polished grain section is to be used for 

quantitative analysis, e.g. by ion probe, the method ought to offer advantages of increased speed, 

accuracy and no requirement for sample preparation over CL and BSE methods. The latter 

techniques require the use of a conductive coating and often HF is employed to highlight any 

structures that exist in the grain.

Samples

Microscopic analysis using transmitted light revealed a minute percentage of the crystals in the 

grain mount to contain distinct cores. These were generally light brown compared to the 

colourless overgrowths. The grains occupy a fairly narrow particle size distribution; typical grain 

sizes are around 100 micrometers across. A grain was selected that clearly contained a core and 

overgrowth so that imaging experiments would be simpler to interpret.

Experimental

In order for flat fielding to be performed on images of the zircon grain it was necessary to 

acquire Raman images from the Si wafer. The procedure is outlined elsewhere. Briefly, the 

frequency of the strong, symmetric first order Raman band of Si was determined using the 

imaging filters. The active ‘Image Area’ of the CCD detector chip was optimized for the 

defocused laser spot and images recorded with the lOx, 20x and 50x objectives. Exposure times 

of 200 seconds, 100 seconds and 100 seconds were used, respectively.

With the selected grain under the microscope, the frequency of the V3(Si04) band was determined 

using the Raman imaging filters. Curve-fitting of the spectrum indicated that a value of 

1003 cm '1 should be used with the imaging path. Images were captured from two grains using 

the lOx objective since this allowed the entire grain to be illuminated in each case. Exposure 

times were varied; 200 seconds, 100 seconds and 50 seconds were used.

Results and Discussion

Figure 9.2 shows the white light image of an analysed grain and the uncorrected Raman image. 

Cracks in the grain (bottom left of the images), which may have been induced by expansion of
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the core, can clearly be identified as dark lines in the Raman image. The core appears as a darker 

region on the image. This corresponds to a frequency position of the core V3(Si04) that differs 

from the centre of the band pass selected, i.e. 1003 cm '1. It is not possible from the imaging 

experiment to determine whether the frequency is higher or lower than the centre. The 

overgrowth surrounding the core is brighter in colour. A very bright region appears at the top of 

the image. This area may correspond to a later overgrowth.

Fig. 9.2. PPL white light image (right) and Raman image (1003 cm '1) o f zircon grain. Uncorrected for illumination.

The differences in the colour scale between the core and overgrowth are small. This is because 

the band pass of the filter is some twenty wavenumbers and the change in the band position is 

only around five wavenumbers. To check that the Raman image was correct, standard Raman 

spectra were recorded from numerous ‘spots’ on the sample surface. Figure 9.3 shows the Raman 

spectra recorded and overlaid. The analyses from the core are indicated as lying to the high 

frequency side of an arbitrary centre value.
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Fig. 9.3. Detail o f Raman spectra from regions o f  grain shown in Figure 9.2.

The data presented suggest that whole zircon grains can be analysed with imaging using the lOx 

objective in as little as 50 seconds. Using the technique, grains selected for either whole grain of 

‘spot’ MS analyses could be quickly screened. Raman imaging appears to be sensitive to the 

change in frequency of the band despite the position changing by only a few wavenumbers.

9.8 -  Depth profiling 

Introduction

No method exists for the reliable discrimination between mixed populations of crystalline and 

metamict zircons. High-flux magnetic separation and hand-picking can produce high yields but 

contamination is still problematic, leading to discordant age results. The ability to determine, 

non-destructively, the crystallinity of the core of a grain could be beneficial to the subsequent 

quantitative analysis of zircon grains.

Depth profiling (“optical sectioning”, “z-scanning”) is an invaluable technique available to 

research Raman Microprobes. This method makes use of the microscope’s motorised z-drive 

Raman spectra can be recorded from each successive interval and the data compared. The sample 

stage can be controlled in the axis of the microscope, i.e. the focusing axis, via the software with 

a movement precision of one micrometer.
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Although the Renishaw RM instrument is inherently confocal (Dr. K.P.J. Williams pers. comm.), 

slight adjustments to the instrument’s optical configuration offers tighter confocality. This allows 

Raman spectra to be recorded from a discrete ‘scattering volume’ (Baldwin et al 2001) that is 

smaller than the ‘focal volume’. Where crystalline samples are required for whole grain 

evaporation or digestion methods, Raman spectroscopy should be able to confirm the degree of 

crystallinity of the core. The need for a tight confocal arrangement is highlighted by Nasdala et 

al (1998) who state that the effect of zircon’s high RI is to increase the laser-excited volume 

from <5 micrometer3 to around 80 micrometer3,

Samples

The grain mount was again used to identify a suitable zircon crystal for depth profiling analysis. 

Although the experiment is, in this study, carried out on polished grains the principal of the 

method would be applied to separated whole grains to distinguish them without the need for 

polishing or any other sample preparation. Grains could, for example, be mounted temporarily in 

parafilm for the purpose of analysis.

Experimental

The focal volume created by a laser spot incident perpendicular to the surface is transformed 

from a cylindrical (Baldwin et al 2001) shape in the sample due to RI effects. The size and shape 

of the cone is dependent upon the NA of the objective and the RI of the sample. Nasdala et al 

(1998) attempted to describe the shape of the analysed volume in a sample during Raman 

measurements. Their estimations of the ‘truncated cone’ excited in transparent samples were 

estimated as ‘far above 104 Jim’. Nasdala et al (1996, 1998) estimated that with the use of 

confocal optics (in their arrangement a 100 micrometer pinhole placed in the beam path) the 

excited volume is <5 micrometer. Refraction at the air/crystal interface can be decreased, i.e. the 

exciting volume tends towards a cylinder rather than a truncated cone, by using a medium other 

than air between the objective and the sample that has an RI closer to that of the sample. 

Experiments on polymer laminates (unpublished data) confirms that depth resolution, the ability 

to discriminate between different layers in this example, is greatly improved with the use of an 

oil objective and RI matched oil.
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The instrument was set up in confocal mode with a lOOx objective. The slit was closed to 10 

micrometers and the CCD height reduced from 20 pixels to 4. A Si wafer sample was used for 

preliminary alignment. For the depth profiling of the zircon grain an oil of RI 1.518, supplied by 

Leica, was used in conjunction with a Leica lOOx NPlan OIL objective. The amount of oil used 

is critical; if too much oil is deposited on the surface it becomes impossible to view the sample.

In practice, applying the smallest bead possible is ideal.

Confocal measurements are carried out to maintain the high specificity of Raman experiments. 

They are, however, rather less efficient; the entrance slit is reduced and the CCD area has a 

smaller active region. Under typical microRaman collection conditions the inherent volume 

resolution is generally adequate and the collection efficiency becomes more important

Results and Discussion

A depth profile was recorded of the Si wafer to test the confocality and provide a measure of the 

depth resolution. The profile consisted of a Raman spectrum recorded at 1 micrometer intervals 

±10 micrometers either side of the focus position using 514 nm excitation. Figure 9.4 shows the 

results of the Si depth profile. A curve-fitting file was created for the main 520 cm '1 Raman band 

of Si and then applied to the multifile, the collation of the twenty-one spectra comprising the 

experiment. The software allows maps to be created either from the raw data or from the results 

of the curve-fitting. Figure 9.5 shows results of the intensity of the Si band from the curve-fit 

against z-value.
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Fig. 9.5. Intensity profile o f  Si depth map.

A curve-fit was then applied to the intensity profile. Since the Si wafer approaches an infinitely 

thin layer (Ge is a better sample for this purpose Dr. I.P. Hayward, pers. comm.) then the FWHM 

of this curve is a measure of the depth resolution. Figure 9.6 is a screen capture of the curve-fit 

of the intensity profile. The FWHM value is 1.8 micrometers, i.e. the height of the sampling 

volume in this confocal experiment. With pre- and post-slit lenses optimized, the slit closed 

further and the CCD height lower, the confocal volume ‘height’ has been measured at one 

micrometer. However, this results in significantly lower throughput. The value determined was 

felt to be adequate for this experiment.
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For the zircon depth profile experiment a step size of two micrometers was selected on the basis 

of the Si wafer sample confocal performance. Sixteen steps were used to record the Raman 

spectra from the sample to a depth of 30 micrometers with the axis of analysis passing through 

the centre of the core and into the overgrowth beneath as indicated by Figure 9.7. A static scan

centred at 1000 cm 1 was used because the band of interest is the V3(SiC>4) mode close to this 

frequency. Acquisition times at each interval were three accumulations of thirty seconds. The 

confocal arrangement significantly reduces the signal throughput, necessitating relatively long 

exposures.
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The oil used has a strong Raman spectrum dominated by strong bands in the C—H stretching 

region around 3000 cm '1. The spectrum is reproduced in Figure 9.8. There are many bands in the 

mid-wavenumber region of the spectrum. The spectra recorded from the zircon depth profile all 

show bands belonging to the oil. Figure 9.9 shows one of the depth experiment spectra and a 

reference spectrum from a very well crystallised zircon recorded dry. It is interesting to note the

difference in position of the V3(SiC>4) band in the two spectra. The sample grain has a peak

position of 999.5 cm 1 and the reference crystal a position of 1006 cm '1.
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The FWHM values are 8.0 cm '1 and 5.3 cm '1, respectively. The trend towards lower 

wavenumbers with increase in FWHM is well documented (e.g. Wopenka et al 1996).

Figure 9.10 shows the depth profile spectra overlaid and offset. For clarity only the 1000 cm '1 

region is displayed. The experiment began at the deepest position, i.e. 30 micrometer apparent 

depth below the surface. The intensity can be seen to increase as the focus position moves 

towards the polished grain surface. A curve-fit file was created for the V3(Si04> band and applied 

to the multifile to allow the creation of maps and analysis of the results.
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Fig. 9.9. Zircon sample spectrum (lower, red) and reference zircon spectrum (upper, purple). Offset 
only in intensity for clarity. N ote difference in positions o f  the v3(Si04) mode.
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Figure 9.11 are plots of the FWHM and position of the V3(SiC>4) band against depth. At the 

surface, i.e. in the exposed core, the band has a FWHM of around 8 cm '1 and sharpens to <5 cm '1 

in the overgrowth. The change in position is negligible; the change is around 0.5 cm 1 and may 

reflect a contribution at the surface of the immersion oil Raman band close to 1000 cm'1.

The results strongly suggest that depth profiling using visible excitation, a highly confocal 

optical arrangement and immersion oil to reduce RI effects can be used to determine the 

crystallinity below the surface of zircon grains.
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Where whole grains are used for MS analyses the method may help to screen those grains that 

have metamict cores and thus lead to erroneous ages.

The total experiment time was less than 30 minutes. A single 30 second acquisition per interval 

should be sufficient to provide a good signal to noise ratio. This would reduce the experiment 

time to less than 10 minutes for grains of a similar size to the one analysed. Analyses were 

recorded at 2 micrometer step sizes in this experiment. However, to characterise the crystallinity 

of the core it may be sufficient to analyse the surface and to record a spectrum at the core. Where 

it is difficult to measure the thickness of the grain it may be beneficial to analyse in stepped 

intervals.

9.9 - Line focus mapping of zircon grains 

Introduction

Nasdala et al (2001b) published an impressive ‘crystallinity map’ of the FWHMV3(Si04) values 

from a zircon fragment over an area of some 500 micrometers . The grain had moderately- 

damaged core region with a metamict outer zone. The data appears to be of high spatial 

resolution (quoted as 2.5 micrometers with a step size of 2 micrometers) although no indication 

of image manipulation is provided. Their Raman data correlates very well with images of the 

fragment recorded using BSE, CL and photomicrography using cross-polarised light to show the 

birefringence differences. The Raman analysis presented is the result of over 12,000 individual 

‘spot’ analyses.

Although clearly desirable, this type of experiment is rarely practical; indeed these authors cite 

the time required as a major drawback. Metamict zircon is a very poor Raman scatterer and in 

conjunction with the low laser power densities involved long acquisition times are required. 

Metamict zircon is a very poor Raman scatterer. Nasdala et al (1998) used acquisition times of 

‘10 accumulations per 30 seconds’ for well-crystallised zircons and ‘10 accumulations per 900 

seconds’ for highly metamict regions. It is unclear whether the total acquisition times were 30 

seconds and 900 seconds, respectively, or whether the authors were referring to ten
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accumulations each of 30 seconds and 900 seconds, i.e. for total acquisition times of 300 seconds 

and 90,000 seconds (~ one day), respectively. Regardless, the large disparity in the required 

acquisitions for crystalline and metamict regions should be noted. In the absence of CL or BSE 

data the ‘mapped’ data presented by Nasdala et al (2001b) provides an excellent guide to the 

geochronologist for the locations at which to record MS ‘spot’ analyses for concordant data.

Line focus mapping

Point-, or spot-mapping, added a new dimension to microRaman spectroscopy. The ability to 

determine spatially the distribution of components with different Raman spectra caused a 

revolution in many surface and interface science applications. Mapping experiments have been 

covered elsewhere in this study. Point-mapping using a laser spot has become almost routine 

within the field of microRaman spectroscopy. The shortcoming with mapping is that for large 

areas or weak Raman scattering species analysis becomes too long to be practical. A reduced 

spatial resolution is the only method to map in realistic timescales and maintain good signal to 

noise. The matter is compounded in older Raman instruments employing photomultiplier tubes 

where sensitivity is poor. For example, CCD-equipped instruments can be used to record 

diamond Raman spectra in seconds that a PM-instrument may require twenty minutes to acquire. 

Experiments requiring thousands of analyses points only become possible with CCD 

instruments.

Recently, a technique was developed whereby a line of laser light can be used to acquire Raman 

data from a sample (see, for example, Wolverson, 1995). Here, it will be referred to as Tine 

focus mapping’ (henceforth LFM). Rather than a spot, the line focus attachment, described 

elsewhere in this study, projects a line of laser light onto the sample. Essentially, the computer 

software treats a line of laser energy focused at the sample surface as approximately twenty 

adjacent ‘spots’. Each of these ‘spots’ is capable o f recording Raman spectral information in the 

traditional manner. The area of the sample selected for mapping is automatically split into a 

whole number of ‘strips’, twenty-one micrometers wide. At each step interval of the automated 

stage twenty-one Raman spectra are recorded from adjacent spots. At the end of a ‘strip’ the 

stage moves, either in a raster or bi-directional fashion, to begin the next strip. Figure 9.12 

illustrates the principle of LFM. Note the line of laser light used rather than a spot.
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Fig. 9.12. Line focus mapping of large area with four different species.

The advantage of using a line focus for mapping is that some samples can be mapped 

approximately twenty times faster than a spot whilst retaining the spatial resolution. To account 

for any unevenness in laser power distribution across the line a correction function is recorded 

immediately before the mapping experiment is run. A single analysis is recorded from a Si wafer 

sample and the response is used in calculations by the software. The correction can be applied 

either during the experiment or at a later date. Simply, the correction multiplies the raw data by 

an amount that increases towards either end of the line.

Samples

Due to the limited availability of samples, grains from the grain mount used for depth mapping 

were used for LFM. The cores and outer zones were visibly different and it was thought that this 

would make correlation between ‘white light’ images and Raman maps simpler.

Experimental

For the first LFM experiment an area approximately 85 micrometers by 65 micrometers was 

selected that encompassed a portion of core and outer zone of a single grain. The first experiment 

used acquisition times of 10 accumulations of 30 seconds at each interval. The area was 

automatically divided into three strips by the software. A bi-directional scanning pattern was
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used. The data set consists of 5,544 spectra. Since 21 spectra were recorded at each interval the 

total number of analyses, i.e. intervals, was 3 x 88 (the area was 88 micrometers long and 63 (3 

strips of 21 micrometers) and the total acquisition time was around 22 hours. Had the experiment 

parameters been used to spot map the same area the total time taken would have been in the 

order of days. A second, much larger area encompassing the entire grain and mounting medium 

surrounding it was also analysed. For this second LFM experiment the parameters were five 

accumulations of thirty seconds per interval. The total number of spectra was in excess of 

11,200. The area was split into three strips 179 micrometers long. The total experiment time was 

around 22 hours. Again, had single points been used the total analysis would have been of the 

order of several days.

Results and Discussion

A curve-fit file for the V3(Si04) band was applied to the data sets to enable maps of the FWHM 

and position to be created. The line profile correction was not applied to the first experiment but 

was to the second. The white light image and FWHMV3 map are displayed in Figure 9.13 for the 

first experiment and Figure 9.15 for the second LFM experiment.

Fig. 9.13. White light image and FWHM map from Raman experiment using line focus attachment. The scale for the 
FWHM is given in cm '1.

It is clear that although the two images do not exactly match the FWHM image gives a good 

indication of the degree of crystallinity of different regions. Errors can arise in various ways. 

There is a slight mismatch between the different strips of data. This has been attributed to the
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Microscope Imaging Factor (MIF). This is a value applied to the data to account for the 

differences between the size of the same image on the video camera and CCD detector. Although 

a default value is adequate for most purposes, it becomes more critical in LFM applications. 

Calculating the MIF is not trivial. From Figure 9.13 it appears that the default value is adequate 

for reconnaissance purposes. In the upper right corner of the FWHM image it appears that the 

zircon is of good crystallinity. However, analysis of the raw data reveals this area to be epoxy 

mounting medium and not zircon. By coincidence, the epoxy has a weak spectral feature in the

region of the zircon V3(Si04) band. Figure 9.14 shows an intensity map for the zircon V3 band in 

the mapped area (see Figure 9.13). The data clearly indicate of the shape of the grain. The results 

of the second LFM experiment, covering a much larger area, are shown in Figure 9.14 along 

with the white light image of the area mapped.

50000

Fig. 9.14. Intensity map o f  the zircon v3 band for the 
first LFM experiment. Intensity scale in arbitrary units

Fig. 9.15. White light image and FWHM map from second Raman experiment using line focus attachment. 
The scale for the FWHM is given in cm '1.
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There is a considerable mismatch between the strips of Raman data. This is attributed largely to 

the MIF. The disagreement is much larger than that seen in the Raman data of Figure 9.13. The 

main difference between the experiments is the application of correction function to the second 

map. Better precision may have been provided by not using the correction function. However, 

the data within the strips appears to have good precision and in good agreement with the data in 

Figure 9.13.

Other errors may arise if the grains in the grain mount are ‘domed’ in profile. Although 

nominally flat and adequate for petrographic analyses the surface profile is critical for 

MicroRaman mapping applications. Figure 9.16 shows how the beveled grain profile that can 

arise through polishing may cause epoxy to be analysed at the same analysis point as zircon. A 

confocal arrangement would dramatically reduce the spectral contamination. However, given the 

requirements for LFM it is impossible to improve upon the inherent confocality of the standard 

arrangement of 50 micrometer entrance slit and 20 pixel CCD detector height.

Fig. 9.16. Indication o f the importance o f  truly flat zircon surface.

The initial, uncorrected, line focus map gave a very good indication of the regions of the mapped 

area that were of high crystallinity and that would be suitable for subsequent quantitative ‘spot’ 

analyses. The second map, covering a much larger area highlights the importance of setting the 

correct MIF for the MicroRaman instrument used. Similarly, the use of a robust correction file 

should be explored. In the example correction file used for the second LFM experiment the data 

recorded from the Si wafer had a low signal to noise ration. Instead of using a Si wafer it might 

prove prudent to use a correction profile recorded from a polished, homogeneous, crystalline 

zircon grain. This would account for the large differences in Raman scattering potential between 

the two substances. Careful setting of the limits (position, FWHM and intensity) used to generate

Zircon plus epoxy

zircon
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the curve-fit file would help to reduce the impact of epoxy mounting medium in the data set. 

Despite the poor matching of strips of line focus data the data within the strips appears good. The 

method has been shown to dramatically reduce the time required to produce crystallinity maps of 

zircon grains.

9.10 - Analysis of laser ablation ejecta 

Introduction

The concordant analysis of crystalline zircon is achieved through the accurate measurement of 

the isotopic ratios of U and radiogenic Pb. The importance of selecting grains, or regions of 

grains, that have not experienced Pb loss was discussed previously.

Considering the extremely high power densities incident on samples during analysis by ion probe 

or laser ablation it was deemed possible that some chemical differentiation may occur upon 

excavation. If chemical differentiation were to occur then it is likely that the U/Pb ratio for that 

analysis would not be accurate. This prompted the question ‘Does the analysis of zircon by 

ablation technique inherently produce inaccurate data?’ In the inaugural investigation of Raman 

peak half-widths and degree of metamictisation Nasdala et al (1995) discovered from BSE and 

CL images that the EMPA beam had induced damage. Circles some ten micrometers in diameter 

with a central crater had been produced on the zircon surface. Similarly, Nasdala et al (1998) 

found alterations to zircons studied by the SHRIMP ion probe. Raman analysis of the zircon at 

the base of the pit was inconclusive. Some ‘spots’ appeared to be more crystalline, indicated by

marginally sharper FWHMV3(Si04) values. However, this result is counter-intuitive since the effect 

would be expected to be greater in the more metamict samples, yet no correlation was found.

A significant proportion of their Raman analyses from the base of the pits returned no Raman 

peaks whatsoever. The authors failed to adequately explain this. ‘Raman background’ swamping 

the Raman peaks was suggested as a possible cause. The ‘slag flow-like’ pit surface noted from 

their SEM investigations was attributed to either an amorphous zirconium silicate or a layer of 

the component oxides. The lack of data to support this was ascribed to the layer being too thin to 

analyse by the Raman microprobe. They concluded that ion probe studies are unlikely to cause
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significant damage to the zircon but if Raman spectroscopy was to be used in addition to ion 

probe, the Raman analysis should be done first. Wopenka et al (1996) had obviously considered 

this in their study of lunar zircon using a troika of microprobe techniques. Raman microscopy 

was the first technique used in their study to preclude any damage by the ion probe.

Samples

A resin block comprising a small suite of polished zircons, some of which had been subjected to 

ablation techniques was supplied. Figure 9.17 is reflected white light image of a zircon from the 

block that has four ablation pits. Some ablation tracks and pits had discrete ejecta deposited on 

their margins. Optical microscopy at high magnification of the rims of the excavated pits and 

tracks revealed a slight topography estimated to be close to five micrometers above the ‘base 

level’ of the polished surface. The tracks themselves were generally around ten micrometers 

deep.

Fig. 9.17. Image o f  crystalline zircon with four ablation pits.

Experimental

Confocal Raman microscopy using 514 nm excitation was used to study the material in the 

ablated regions, the ejecta and the surrounding, undamaged crystal. As Nasdala et al (1998) 

found, it was often not possible to obtain good Raman spectra from the base of the tracks. 

Mapping experiments were conducted over regions of a zircon grain that comprised of unablated 

crystalline material and ablated track.
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Results and Discussion

A curve-fitting routine was applied to the multifile data sets. Figure 9.18 compares the upper and 

lower values calculated for FWHMV3(Sic>4) from one set of mapping data. There is considerable 

variation in the FWHM value of the band; between 4.1 cm 1 and 7.2 cm'1. Maps were constructed 

from curve-fit results. A map of the FWHMV3(Sic>4) in Figure 9.19 clearly shows that the band is 

slightly broader in and around the edges of the ablated track. The map indicates material with 

broader FWHM around the area where the ablation track changes direction. This might suggest 

that the laser energy is concentrated here slightly longer than along the straight paths of the track.
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Fig. 9.18. Variation in FWHM for v3( S i0 4) in ablated zircon.

Fig. 9.19. Mapped area o f  ablated zircon and map o f  the FWHM o f  v3(S i0 4) (light areas have larger FWHM value).
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Analysis of the data from mapping experiments yielded rare occurrences of spectra that indicated 

that the structure was being modified in some way other than a broadening of the V3 band. Figure 

9.20 shows a comparison of a spectrum of crystalline zircon from an undamaged region with a 

spectrum from the same sample that has many additional bands. The bands that are not assigned 

to zircon are indicated. It has not been possible to ascribe these Raman bands to a compound or 

to locate the position on the sample at which they occurred, due to software problems.
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Fig. 9.20. Comparison o f Raman spectra from regions within ablated sample. Crystalline sample in black, additional 
bands in red spectrum are unattributed to zircon.

The positions of the main bands of the polymorphs of zirconia are given by Lopez et al (2001). 

The non-zircon bands shown in Figure 9.20 do not correspond to any of the polymorphs or to 

any of the polymorphs of silica (Kingma et al 1994) or to that of baddelyite, the naturally- 

occurring mineral form of Z r02. It would be of interest to repeat this mapping experiment to 

locate the region(s) that gave rise to these additional bands.

The Raman spectra from the mapping experiments appear to disagree with those found by 

Nasdala et al (1998) from studies of zircons analysed by ion probe. The differences observed in 

the values of FWHMV3 are significant; the band almost doubles in width. However, under the 

classification of Nasdala et al (1998), the material is still well crystallised and therefore probably 

not at risk of Pb loss. It would be of interest to produce maps of the ratios of the intensities of the
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major Raman bands for a zircon with an ablated region. This may give a better indication of any 

change in composition as well as structure. Unfortunately, the data recorded in the mapping 

experiments described are of too low signal to noise ratio. A combined approach of microRaman 

spectroscopy and SEM may further add to understanding the processes occurring ablation.

9.11 - Conclusions

Different approaches have been used in an assessment of microRaman spectroscopy in the 

analysis of zircons used for geochronology. Each application has been discussed but it is 

pertinent to conclude each analysis here.

Raman imaging
The experiments with global Raman imaging were quite successful. It does take some time to set 

the experiment up and there is a need to use flat, polished grains. However, samples that would 

be used for MS analyses would be in this form. The data show that whole grains can be imaged 

in less that one minute using the lOx objective to reveal that regions of lower crystallinity can be 

defined.

Depth profiling
The experiments with depth profiling zircons with visible cores appeared to work quite well. 

However, the sample used was not ideal since there was little difference between FWHM of core 

and overgrowth. It would be advantageous to perform a ‘spot’ line map from core to rim to check 

the accuracy of the results. The data do indicate that changes in the crystallinity can be detected 

by mapping through the grain section in the vertical axis. The next stage in this analysis would 

be to perform depth mapping on an unpolished grain held in a temporary mount. Analysis of 

zircons by ICP and other whole grain digestion techniques require samples in this form.

Line focus mapping
The use of this technique offers a much faster means of analysing large areas of polished zircons 

than by spot mapping. The time advantage can be up to twenty, but due to considerations of laser 

power it is probably lower than this. The technique could become routine in the selection of
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regions of grains used for MS analysis using points rather than whole grains. The approach is 

more practical than using BSE or CL methods. The process of correcting the data needs to be 

investigated method could be improved. A method based on principal component analysis may 

be more applicable (Dr. K.P.J. Williams). The experiments may benefit from using samples with 

truly flat grain profiles. The use of the autofocus function should be investigated. Furthermore, 

the microscope image factor (MIF) has been identified as of critical importance in LFM 

experiments where accurate spatial information is required (T. Smith, pers. comm.). A simple 

procedure for determining the correct value may result in more accurate data being collected and 

may negate the need for post-processing.

Analysis of ablated grain
Whilst the analyses detailed in sections 9.7, 9.8 and 9.9 were concerned with the detection of 

suitable grains or regions within grains, the experiments on ablated samples were of interest in 

analysing the zircon after MS analyses had been performed by LA-ICP-MS. The results were 

inconclusive but appeared to indicate that locally the zircon structure is modified by the 

aggressive analysis. Further work is needed, perhaps using a combination of optical and 

quantitative compositional techniques.

MicroRaman spectroscopy has been used in a limited number of investigations, principally by 

Lutz Nasdala, for investigating the structural changes that occur in zircons as a result of 

metamictisation. The current work describes the only known application of global Raman 

imaging, depth mapping and line focus mapping to zircon samples to describe how the methods 

could be used for the selection of grains and regions within grains for further mass spectrometry 

experiments.
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Chapter 4 -  Processes and transformations affecting 
natural materials

This chapter comprises sections 10, 11, 12 and 13 of the current work. Samples are 

predominantly taken from those that have an industrial application and that are affected 

by processes and transformations that are if interest.

Studies of a-quartz, marble dimension stone, clay bricks and limestone rich in organic 

matter are used to demonstrate the effectiveness of the microRaman technique by 

performing analyses not available using existing routine methods.

The focus is in the detection and identification of particles and of strain on a micrometer 

scale and the use of Raman imaging.
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10 -  Investigation of strained silica
The aim of this investigation, the first application of the technique to investigate processes and 

transformations that arise in natural materials with an industrial application, is to attempt to add 

further to the phenomenon o f alkali silica reaction in concretes. MicroRaman spectroscopy offers 

a non-destructive in situ technique for sensitively analysing the structure in minerals in thin 

section. A method that could rapidly and simply quantify strain in silica, a principal requirement 

for the development of some alkali silica reactions, would be advantageous. The ability to screen 

out those aggregates containing silica exhibiting excessive strain might reduce the number of 

cases of alkali silica reaction.

10.1 -  Introduction

Considerable analytical work has been applied to the Alkali Silica Reaction (ASR) in concrete 

bodies. This work has been concerned with the identification and possible means of preventing 

it. Concrete structures, for example, bridges and buildings could be liable to critical failure 

should ASR develop. The reaction was recorded in the late 1930’s by Stanton (Smith, 1997). Its 

development leads to a breakdown in the strength of the concrete body and provides a route for 

other deleterious effects such as freeze-thaw damage, chloride attack and the corrosion of 

reinforcing agents (Smith, 1997).

The ASR reaction

The reaction is one between the aggregate particles, particularly silica but also carbonates and 

silicates, and the pore water in hydrating cement. The weak acid nature of disordered silica leads 

to an acid-alkali reaction with the pore fluids to form a hydrous silicate. OH ions are drawn into 

the silica and weaken the Si— O bonds. Water is attracted to the metal cations present in the 

concrete that are diffused to maintain electrical neutrality. The resulting alkali-metal ion hydrous 

silicate swells with water, exerting increased pressure on the surrounding concrete body (Smith, 

1997).
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Reactive silica

Silica grains displaying undulose or complex extinction contain greater dislocation densities and 

therefore more stored internal energy. They also possess- greater surface area than silica grains 

with normal extinction. Small grains also have large s u rfa c e  areas and this is thought to be a key 

component in the formation of ASR since a greater react; ive area is available. It is noted that 

other forms of naturally occurring disordered silica, for exam ple, opal can also bring about ASR 

development in concrete. However, their identification t> y  Raman spectroscopy, or simple 

petrography, is straightforward.

Historically strained quartz was thought to indicate a me- tamorphic origin of the rock. The 

presence of strained quartz is now known to be a very co m m o n  feature of quartz-bearing rocks. 

Smith (1997) describes the various classification schem ers based on the angle of undulosity 

exhibited by the strained quartz grains. He concludes tha-t the only method of accurately 

measuring the angle is by the use the universal stage. Ho^vever, the method of measurement is 

not trivial by this technique and requires careful p rep ara tio n  of the sample.

Under the petrographic microscope strained quartz can t> e  readily recognised by the sweeping 

motion of a zone of extinction across the grain as the s t a s e  is rotated. Undulose extinction can 

also be recognised as discrete zones of varying o rien ta tions within a crystal. These regions 

consequently extinguish at different degrees of stage ro ta tio n . Undulose extinction is a visual 

representation of the response of the quartz grain to the app lica tion  of a differential stress system. 

The permanent strain is the result of ductile deformation ca rried  out at relatively high 

temperatures at low strain rates over long periods and at re la tiv e ly  high hydrostatic pressure 

(Smith, 1997).

Samples

ASR development in concrete is associated with different forms of quartz. In this respect it is 

also the most studied reactive species. However, other re ac tio n s  are also recognised. These are 

ACR, Alkali Carbonate Reaction, and the Alkali Silicate R eaction .
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Samples of quartz-, carbonate-, and silicate-bearing aggregates were obtained from UK 

resources. Samples of granite have been collected from Cornwall (Bodmin Granite from the 

Luxulyan and Hantergantick quarries) and Carboniferous Limestone from Cauldon Lowe, 

Derbyshire. To try and minimise any complicating effects due to weathering the youngest 

samples have been obtained where possible. No samples have been collected for aggregate with 

a major single silicate phase.

10.2 -  Stress measurement using Raman spectroscopy

Vlasov et al (l 997) used confocal microRaman spectroscopy to study intrinsic stress variations 

in single crystals of CVD, chemical vapour deposited diamond, used as high quality thin film. 

They used the polarisation optical accessory components to show that the asymmetric line- 

broadening of the first-order optical phonon peak at 1332.5 cm’1 was due to splitting of this triply 

degenerate mode. The two components, separated by AQ, are linearly dependent on stress. Their 

figure 2 is reproduced here as figure 10.1 that clearly displays the difference in polarisation of 

the scattered light.

U npolarised

1333.3 cm'

jQ
jo
>. 2.8 cm'
wcz<D
c

1336.2 cm'

1350134013301320
Raman shift/cm"1

Fig. 10.1. Unpolarised and polarised Raman spectra 
o f stressed CVD diamond. From Vlasov et al (1997).

Grimsditch, Anastassakis and Cardona (in Vlasov et al, 1997) determined that compressive stress 

systems in diamond induce a Raman band shift to higher wavenumbers and tensile systems a
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shift to lower wavenumbers. Anisotropic stress measurements of up to 9 GPa (compressive and 

tensile) were calculated based on the magnitude of for certain oriented crystallites measuring 

100 micrometers to 200 micrometers. Mukaida et al (1987) reported on the stress induced in 

epitaxial layers of the 3C SiC polymorph deposited on a Si substrate. Difference in the 

coefficients of thermal expansion and lattice constants of the two materials causes the stress in 

the SiC crystals. Using the shifts in the peak positions of the longitudinal optical phonon mode of 

SiC grown by different methods they were able to calculate values of tensile stress. Similarly,

Cai et al (1993) were able to relate shifts in the position of the F2g band, relative to a Ne 

calibration source, to induced stress in yttria-stabilised zirconia. Bowden et al (1993) used the 

mapping facilities of modem microRaman instruments to reveal concentrations of stress-induced 

phase transformations in MgO-stabilised zirconia ceramic. These and other studies highlight the 

importance of grain boundaries in the distribution of stress. They can provide routes for stress 

relief and act as boundaries, limiting the effects of stress on the system.

It has been shown that Raman spectroscopy is an excellent technique for the analysis of stress in 

synthetic crystal systems. Studies on natural crystals are less well known. One such study relates 

to the stress field created within a diamond crystal around an olivine inclusion and, again, makes 

use of the shift in position (actually a splitting) of the first order optical phonon (Navan et al 

2000). The advantage of using Raman spectroscopy over techniques such as XRD is that the high 

spatial resolution allows individual grains to be analysed, revealing spatial inhomogeneities and 

not an average result. The use of an encoded microscope stage for microRaman spectroscopic 

examination allows the accurate positioning of the sample with respect to the incident laser beam 

and for XY (and Z) mapping. Confocality, achieved either by mechanical or virtual pinhole 

methods, ensures that a tightly constrained sampling volume is analysed and any signal from 

outside this volume is discarded. The mathematical computations required for fitting functions to 

the Raman peaks allow precise determinations of the stress causing lattice disorder.

10.3 -  Vibrational spectroscopy of quartz

Quartz was the focus of many Raman studies during the 1960’s. It remains as probably the most 

widely studied mineral in this regard. This work is summarised by Wilkinson (l 973) and
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includes details of the polarisation assignments of the modes as well as the pressure and 

temperature dependence of the bands and the transformation between a  and (3 quartz.

Kingma & Hemley (1994) provide a useful review of the vibrational motions that give rise to the 

silica polymorph Raman bands. Although rather generalised, these are tabulated in Table 10.2 

Figure 10.2 displays an a-quartz Raman spectrum with the strongest A \ and E  mode frequencies 

indicated. The strongest band corresponds to the symmetric motion of the bridging oxygen along 

a line bisecting the Si—O— Si bond. The frequency of this vibration is sensitive to the Si—O 

bond length and bond angle (Sharma, 1981).

Band position/cm ' 1 V ibration M ode sym m etry

129

Si— O— Si bending and twisting

E( LO+TO)

207 At

265 E( LO+TO)

357
Torsional vibrations and O— Si— O bending modes

Ai

402 £<LO)

465 Symmetric stretching-bending m odes o f  O in Si— O— Si A i

510 O— Si— O bending m odes E(LO)

696

Si— O stretching

E{ LO+TO)

795 £(TO)

809 £(LO)

1083 A i

1160 E( lo+to)

Table 10.1. Summary o f the vibrational modes o f  a-quartz.
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Fig. 10.2. a-quartz Raman spectrum.

1 0 .4 - Experimental procedure

MicroRaman spectroscopy was carried out on quartz grains in the granite sample. Silica is by far 

the biggest contributor to the development of deleterious alkali reactions.

Uncovered petrographic thin sections of the Bodmin Granite were used for examination. This 

enabled the selection of suitable grains using a petrographic microscope and permitted 

microRaman spectroscopy without the interference of an additional glass layer and mounting 

medium present in covered thin sections. Suitable strained quartz grains were identified then 

marked on the reverse of the section to enable them to be recalled later.

For the Raman experiments visible excitation at 514 nm with a 2400 groove per mm grating was 

used. With this excitation crystalline quartz generally gives a fluorescence-free Raman spectrum 

(see Fig. 10.2) and the spectrograph arrangement provides a spectral resolution of around 1 cm 1 

per pixel (e.g. Noons et al 2002). This factor is important since it might be expected that any 

differences in the spectra, i.e. FWHM or position, from strained crystals might be of this order or 

less.
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After some preliminary, inconclusive single-point microRaman measurements of undulose 

quartz (M. Bloomfield, 1st year report) a line map across a relatively large quartz grain, shown in 

Figure 10.3, displaying undulose extinction was performed. The automated line map, consisting 

of 551 points at one-micrometer intervals was recorded. The points of the map lay along a 

straight line through the grain that was approximately perpendicular to the ‘band’ of extinction. 

The Renishaw RM instrument has a diffraction-limited spot approximately one micrometer in 

diameter with the x50 objective (for the simple equation see, for example, Baldwin et al 2001) 

thus essentially defining the spatial resolution of the instrument. The mapping stage has 

minimum step intervals of 0.1 micrometers in both X and Y.

Fig. 10.3. Quartz grain showing undulose extinction. Upper part o f  the 
grain is passing into extinction.

Single acquisitions of thirty seconds per point provided adequate signal to noise. The grating was 

positioned such that efficient, static scans were recorded over the range 150 cm 1 to 830 cm '1. 

From Figure 10.2 this spectral region covers the majority of the strongest quartz Raman bands. 

The data from the mapping experiment is stored as a multifile; the spectrum at each point along 

the line is saved. This facilitates the interrogation and manipulation of the dataset and permits the 

creation of ‘maps’ from the data. Curve fit routines were applied to the main Raman bands at 

207 cm' 1 and 465 cm"1. These bands show the greatest frequency dependence on pressure and 

temperature (Wilkinson, 1973). Table 10.2 is reproduced from Wilkinson (op. cit.) and provides 

the empirical values of the frequency dependence. Figure 10.4 shows the curve-fit components 

that best match the data from the line mapping experiment.
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Raman band frequency 128 c m 1 207 cm 1 265 cm 1 464 cm'1 697 cm 1 795 cm 1 807 c m 1

dv/dP / cm 1 kbar 1 0.6 1.8 0.5 0.9 0.8 0.8 0.8

Table 10.2. Pressure dependence o f quartz Raman bands. Frequencies o f  other significant bands are almost 
independent o f  P (from Wilkinson In: Anderson, 1973).

Figure 10.4 reveals the very minor contribution to both band systems from weak shoulder bands. 

Fitting these bands is important to maintain high correlation values for the main band of interest. 

Also, as the shoulder bands have been fitted to the same extent as the main band in each system, 

they too can be studied in terms of their frequency, for example. This may provide further 

information a concerning the response of the crystal to strain.
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Fig. 10.4. Individual curves fitted to the com plex band shapes o f  the A, modes at -2 0 7  cm ' and -4 6 4  cm'1.

10.5 -  Results

Only band positions were considered to be potentially affected by strain acting on the crystal.

The measured parameters from the fit of intensity, FWHM and percentage contribution from the 

Lorentzian function were not regarded. Figure 10.5 A displays the position of the 207 cn f1 band 

of the quartz Raman spectrum along the line of the map. In Figure 10.5B the position of the three 

components of the 465 cm' 1 band are similarly shown along the length of the line. The main band 

has weak shoulders at ~ 456 cm' 1 and at ~ 472 cm '1. Linear trendlines for each band are shown.

The sharp ‘spikes’ in the data of Figs 10.5 correspond with positions along the line where the 

analysis was contaminated by the excitation of small impurities; possibly feldspar or mica. At 

these positions along the line, superimposed on the quartz spectrum were additional bands
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around 790 cm '1. Weak features from the impurity species affected the curve-fitting of the bands 

of interest. This could possibly have been overcome by setting limits on the curve-fit parameters.
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Fig. 10.5. Frequency positions o f  pressure and temperature dependent quartz Raman bands.

Closer inspection of the change in the intensity of the 207 cm 1 band reveals that the mapping 

technique may provide a way method of determining the crystallite size. A portion of the line 

map data is recast as a 3D projection in Figure 10.6. The intensity of this band fluctuates and 

may correspond to changes in the orientation of the crystallites. If each crystallite is considered
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to lie only within a single orientation, then the size of the crystallites could be measured from 

this change.
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Fig. 10.6. Selected region o f  the quartz Raman line map experiment highlighting the change in intensity o f  the 
207 cm"1 band.

10.6 -  Discussion
Figure 10.5 reveals a very slight change in the position of the 207 cm 1 band over the length of 

the line. The trendline indicates a gradual lowering of the frequency of the band of around 

0.5 cm '1. Even with the spurious spikes ‘averaged out’ the trend is the same. The other A i band 

considered, at 465 cm '1, varies less, as might be expected from Table 10.2. The change in 

frequency over the grain is only 0.3 cm '1. A rather larger change in band frequency is expressed 

by the shoulder band at ~ 456 c m 1. A total frequency change of some 4.5 cm 1 appears to have 

occurred. However, for the first 350 or so analyses, the band position is essentially unchanged. A 

step appears in the data around this point and the frequency of the centre of the band is lower for 

the remaining analyses. The origin of this shoulder is unknown and is not mentioned in the 

literature studied.
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The small changes in the main A \ bands at 207 cm' 1 and 465 cm'1 could be attributed to residual 

strain in the crystallites as a response to deformation. However, the effect of sample heating 

should be considered as this factor could also account for the observed small shift. This effect is 

generally considered to be negligible in the microRaman analyses of minerals. A simple test 

might be to repeat the analysis. With the same grain used, and in the same orientation, the map 

should be re-run in the opposite direction. A small positive trend would indicate that sample 

heating has not occurred (the frequencies of the Ai bands of quartz show a negative dependence 

with increasing temperature, e.g. Wilkinson, op. cit.). Another factor to consider is the spectral 

resolution of the spectrometer. Given that the overall change in the band positions is significantly 

less than this value, the figures may not be precise. Errors could also be introduced from the 

curve-fitting procedure. However, the calculated R2 and reduced Chi2 values suggest that errors 

from the fitting are negligible.

The undulatory extinction in quartz is clearly the optical expression of the grain to deformation. 

Experimentally, pressures of 138,000 atmospheres were used in the apparatus of Griggs & Bell 

(1938 In: Deer et al 1963) to induce undulose extinction in quartz. We might, then, expect the 

shift in the Raman band positions to be much greater than those observed. The lack of frequency 

change may be due to the method by which the quartz structure responds to deformation or that 

the quartz structure re-equilibrates at low temperature. Bailey et al (In: Deer et al op. cit.) 

considered that the undulose extinction occurs by bend-gliding and polygonisation. Perfect 

crystallites all mutually inclined to one another at small angles and separated by regions of 

atomic misfit were considered by these workers to be the result. In this scenario it would appear 

that undulose quartz grains are not repositories of energy. Similarly, a low temperature resetting 

of the strained structure can be envisaged based on the fast rates of reaction observed when 

studying the a  to (3 phase transition of quartz.

This study has only been able to analyse, and therefore comment upon, a single quartz grain 

exhibiting undulose extinction. Very many more analyses of the type detailed above would 

provide more data upon which to draw conclusions. In addition to line map experiments, area 

maps would reveal far more about the distribution of strain in quartz. Low resolution maps, 

perhaps with ten micrometer steps, may be sufficient to cover large grains adequately. In
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addition, high spatial resolution maps concentrating on grain boundaries should be studied. The 

spatial resolution of the microRaman technique can be considered to be limited by the laser spot 

size, down to the precision of movement of the encoded stage (0.1 micrometer in X and Y).

Using a shorter excitation wavelength can reduce the spot size, which could then enable higher 

spatial resolution maps to be acquired.

Only quartz has been considered thus far in this investigation for the reason cited. ‘Strained’ 

quartz is visually very apparent in this section but the same cannot be said of carbonate minerals 

in thin sections of limestones. This may point to the fact that structural strain may be reset very 

easily in these minerals, perhaps indicated by the ease with which they go into solution.

10.7 -  Conclusion

There is not a clear relationship between the degree of undulosity of a quartz grain and its Raman 

spectrum. In terms of the development of ASR it would appear that the presence of undulose 

quartz per se is not necessarily to be avoided in the selection of aggregates for cement. This 

study indicates that the subgrains, or crystallites, are not sites of stored energy. The subgrain 

orientational differences may be retained but the strain has been released. However, small 

crystallites, possibly associated with high strain rates, may be more important as they are sites of 

high dislocation density. There may be a relationship between dislocation density and the degree 

of undulosity (as measured by the universal stage).

The Raman spectrum can be used to quantify strain in some minerals, e.g. diamond but not in 

quartz. This may be because the structure is easily re-set by thermal events or that the 

deformation occurs by gliding and the energy released along planes.

MicroRaman spectroscopy has been used in this investigation of a quartz grain exhibiting 

undulose extinction in a petrographic thin section. Although it has not been possible to relate the 

degree of undulosity to changes in the Raman spectrum, it has been possible to comment upon 

the mechanism by which strain is stored and possibly released, from the data collected. 

MicroRaman spectroscopy may be the only technique that allows the structure of minute grains 

to be analysed effectively in situ and with all textural associations preserved.
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10.8 -  Further work

This study has focused on the strained quartz that is the precursor to ASR development. It would 

also be interesting to study the gel itself. In particular, studying the boundaries between gel and 

silica to elucidate on the reaction and diffusional process. The gel is not likely to be a strong 

Raman scatterer and we might predict broad bands from the largely amorphous structure. The 

interactions of the OH (as H2O) species with the silicate network may produce some interesting 

bands. MicroRaman is well suited to this task since the study of thin section samples is relatively 

straightforward.

Several other samples of Bodmin Granite were collected. These were from piles of material that 

had undergone differing degrees of the processing stream. The first stage is to blast the rock from 

the quarry face. The next phase is to pass this rock through the primary crusher. After more 

crushing and passing through the total processing stream, the final product is a coarse aggregate 

some 20 mm across. It would be interesting to assess how each of these process steps affects the 

strain stored in the quartz grains. The grains could be easily compared with those analysed in 

rock that had not been exposed to any form of blasting or processing. This material would have 

to be collected from outcrops in the area that had not experienced any blasting.

It has been proposed that quartz grains equilibrate readily in response to deformation. Other 

minerals may not adjust in such a manner and it may be possible for the technique described to 

be applied to many other petrographic conditions. The study of small-scale faults in thin sections, 

for example, has been limited by the paucity of microanalytical techniques that probe crystal 

structure.
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11 - Investigation of stained dimension stone
MicroRaman spectroscopy has great potential as an analytical tool in the study of dimension 

stone and other Industrial Rock and Mineral applications. In this second investigation of an 

industrial material affected by a process the technique is applied to the study of a discoloured 

marble and aims to elucidate on the mechanisms involved.

11.1 - Introduction

The Buildings Research Establishment (BRE, Watford, England) supplied four samples for 

analysis. Three were recrystallised limestone rocks, or marbles, and the other a granite. Each was 

a sample of dimension stone used for tiling and had been polished to varying degrees. The 

samples were selected because they had developed a surface discolouration in service and so had 

failed to meet the requirements of the contractor. The cause of the discolouration is unknown and 

other methods employed by the BRE had failed to determine the origin.

Review of discolouration mechanisms

Although the staining problems are purely aesthetic and do not affect the structural performance 

of the dimension stone panel or tile, the development of a stain in the short term can be costly. 

There have been cases where the exterior cladding of large buildings (i.e. civic buildings and 

hotels) have developed unattractive stains and been in breach of the design specification. In these 

cases it is important to discover who is at fault since the replacement costs may run to millions of 

dollars.

Richardson (l 993) argues that with the proper appreciation of the minerals and physical 

properties of a rock, many of the problems could have been avoided. He cites the following 

major causes of staining:

• The presence of organic matter in limestones derived from the decay of natural organisms. In 

the presence of alkaline solutions, for example from cement fixing, a reaction can occur to 

cause staining.
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• Reactions between acidic cleaning agents and the trace content of iron sulphide minerals in 

some rocks. Bleach and other alkaline-rich solutions are known to adversely react with iron 

sulphides present in some marbles.

• Porosity and water absorption can affect the rate at which staining can occur. When the rate 

of water uptake and porosity are high then discolouration is rapid. This is noticeable where 

rainwater run-off is greater over some parts of a stone panel than other parts.

• The use of iron shot to texture the rock surface can lead to discolouration if the residue is not 

completely cleaned off. Remaining particles will quickly oxidise in the atmosphere and 

‘rust’.

• Wooden crates are often used to transport dimension stone from the quarry. However, the 

wood may contain water-soluble organic substances like lignin, which have been seen to 

leach into stone under wet conditions. Similarly, hardboard laid over stone floor panels 

during construction can have the same effect.

• Sands used as screeds can be rich in iron oxide particles and it is possible that with the iron in 

solution migration to the surface could cause staining. The effect is particularly marked in 

light coloured porous stones.

• Silicone sealants are often used along the joints between stone panels. Whilst not directly the 

cause of staining, the use of hydrocarbons as extenders can cause problems. In addition, the 

highly water repellent silicone can lead to the deposition of dust and dirt held in water and is 

associated with characteristic stain migration and the development of ‘pattern’ staining.

• Welding over unprotected stone floors can lead to staining from the oxidation of molten 

metal.

• Biological sources of staining have been noted. Marble is particularly affected. There are 

reported cases of microorganisms on the surface and fractures in rock. These organisms may 

be the source of the colour or may lead to discoloration as a function of their biological 

activity.

Oils are commonly used to improve the physical appearance of a finished stone surface. Staining

problems can arise later during service as the oil penetrates well below the surface and can

discolour during polishing (Hunt & Miglio, 1992).
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Atmospheric pollution also plays a part in the discolouration of facing stone. In a report written 

in 1931 (Schaffer, 1932) it appears that the effects of carbon dioxide and sulphur dioxide 

dissolved in rainwater on the weathering of stone were well understood. Sulphur compounds are 

known to be particularly deleterious. Coal contains a small percentage of sulphur, in the form of 

pyrite and in organic matter, which when combusted, oxidises chiefly to SO2 and also SO3. In the 

presence of water, sulphurous and sulphuric acids are formed, respectively. There is, then, the 

potential to release millions of tons of these acids into the atmosphere each year.

Sulphurous acid, H2SO3, combines with calcium carbonate from limestones and marbles to form 

the relatively insoluble calcium sulphite, CaSC>3, which may then react with oxygen to form 

anhydrite, CaSCL. When crystallising from solution, the mineral gypsum, CaSC>4.2H20 forms. 

The stronger sulphuric acid has the same end product as sulphurous acid but is present in less 

quantity. The reactions liberate carbon dioxide from the calcium carbonate, fuelling the 

deleterious creation of calcium bicarbonate. However, the effect on weathering of this compound 

is thought to be minor (Schaffer, 1932). No mention of staining is given in the report but the 

chemical reactions occurring at the stone surface are clear.

With the cause of the stain identified, methods of removal may be determined in most cases and, 

hopefully, the stain prevented from occurring in the future. Richardson (1993) describes the 

phased approach to stain identification. Organic sources are divided into biological and non- 

biological. The former are then analysed further using optical microscopy, SEM and culturing 

and the latter identified using solvent extraction and gas liquid chromatography techniques. 

Inorganic sources are usually identified using petrography. Other methods employed routinely 

are XRD, XRF, EMPA, XPS (X-ray photoelectron spectroscopy) and LIMA (Laser ionisation 

mass analysis spectroscopy).

11.2 - Samples

The samples had been selected for analysis because they displayed a discolouration. The 

‘Carrara’ marble is highly desired because of its purity; manifested by being uniformly pure 

white in colour. The two very-fine grained Italian marbles from the Carrara region (but not 

necessarily the famous Carrara quarry) displayed different degrees of brown staining, irregularly
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distributed over the surface. Of these, sample BRE 02, shown in Figure 11.1, displays the most 

intense discolouration. The staining is concentrated in fine, irregular veins and there are fine, 

pale silver-grey veins, thought to be related to sulphides in the rock (T. Yates, pers. comm.). The 

21 mm thick samples did not show any discolouration on the lower surface; indeed, the brown 

staining appears to be wholly confined to the polished surface and to a minimal depth. Sample 

BRE 03 was sourced from Greece and is in contrast a much purer marble. The grain size is much 

coarser; individual grains measuring up to a few millimetres across. There is little evidence of 

sulphide in hand specimen. The sample was provided as a control.

0.5 cm

Fig. 11.1. Left: photograph o f sample BRE02. Note the large patches o f brown staining, silver/grey veins 
and veinlets o f  orange brown staining. Right: detail o f BRE02.

1 1.2 Experimental
Sample BRE02 was deemed to show the most intense discolouration and so analytical efforts 

were concentrated here. Uncovered petrographic thin sections were prepared from the surface as 

well as through the sample, perpendicular to the surface. Analysis with the petrographic 

microscope revealed a dense interlocking arrangement of equant, euhedral calcite grains. The 

grains are highly birefringent and many of them displayed two cleavage sets. Although largely 

colourless many appeared to have weak yellow brown hue in plane polarised light. Grains are 

equigranular and have a size of around 250 micrometer with random orientations. Low energy 

triple junctions are common; a typical texture of recrystallised rock. Pore spaces appeared to be 

negligible. There are rare occurrences of opaque grains, possibly sulphides and rutile, some 25

2 0 0



Matthew J. Bloomfield Applications o f Raman spectroscopy

micrometer in diameter between carbonate grains. The region of discolouration is seemingly 

identified by thicker, darker grain boundaries and appears to extend to <500 micrometer from the 

surface of the tile.

XRD analysis

Two slices were cut from the polished BRE 02 tile. Each was approximately 3 cm x 1.5 cm x 0.1 

cm thick. One was cut from the upper stained surface and the other from the lower, unstained 

surface. These slices were trimmed and placed into the aluminium sample holders used by the 

XRD instrument. Ordinarily with this technique, whole rock samples are reduced in a ball mill, 

or other grinding instrument, to a grain size of the order of micrometers. However, it was felt that 

the slices could be used directly and scanned by the beam without grinding. Samples were 

scanned between 5° and 65° 20 by a CukiaX-ray in a Phillips PW 1729 instrument.

SEM analysis

SEM analysis of small (2 cm' to 3 cm ), silver-coated specimens revealed no difference in the 

crystal textures over the surface or perpendicular to the surface to a depth of around 1 mm. An 

uncoated sample was also loaded in to the vacuum chamber to be studied. The operating current 

was reduced to 10 kV to avoid charge build-up on the surface. Some very small grains, 

approximately 10 micrometers to 20 micrometers across, could be distinguished as different to 

calcite. On the basis of morphology these were thought to be pyrite but in the absence of the 

EDX detector this could not be confirmed. The polished surface displayed a definite reaction to 

the electron beam. From the back-scattered image, the surface appeared to ‘boil’ in the same way 

that organic compounds behave in the instrument chamber when subjected to the electron beam 

(R. Branson, per. comm.). The Ag-coated specimens did not behave in this way and neither did 

the freshly-exposed surfaces roughly perpendicular to the polished surface of the uncoated 

sample. However, without a more detailed knowledge of the sample history, i.e. between 

extraction from the quarry, cutting and polishing the tile, the in-service history through to 

delivery as a sample, little else can be speculated as the cause of this ‘boiling’ effect.
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Raman microprobe analysis

Raman microprobe analysis was carried out using a Renishaw Raman System 2000 with 514 nm 

excitation from a Spectra Physics Ar+ laser. Some analyses were also carried out with the 

785 nm line from a Renishaw HPNIR diode laser. The polished tile was placed on the Leica 

DMLM microscope stage and areas identified by eye were studied. Numerous analyses were 

recorded, with particular attention paid to the deeply stained patches and veins, as well as the 

‘white’ i.e. unstained areas. Since the carbonates are relatively strong scatterers analysis times 

were of the order of seconds. Accumulations of longer scans were required for other species in 

the sample. Spot analyses were combined with defocused spot analyses to cover greater areas of 

the sample.

Mineral separation

A 1 mm thick slice taken from the upper stained surface was reduced in an agate ball mill to a 

fine powder. Approximately 4 grams of the sample was mixed with bromoform, an organic 

halogen (specific gravity of 2.88) in order to separate the minute sulphide and oxide impurity
3 3grains from the carbonates. Rutile has a density of 4.23 g/cm to 5.5 g/cm and pyrite has a

S 3  3density of 4.95 g/cm' to 5.03 g/cm , calcite has a density of 2.715 g/cm' (Deer et al, 1992). By 

mixing with the bromoform the particles with densities greater than that of 2.88 g/cm3 will sink 

and the lighter calcite will float. The dense grains were removed by pipette and retained.

11.3 - Results

XRD experiments were only able to resolve the presence of calcite in the sample owing to the 

high detection limits of the technique (Sasaki et al, 1998). A comparison between the upper and 

lower surfaces yielded no differences between the spectra; Figure 11.2 shows that peak positions, 

shapes and intensities were identical. The XRD spectra of the common carbonates are markedly 

different allowing unambiguous discrimination between the species.

Raman microprobe analyses of the opaque grains revealed them to include rutile and sulphides, 

probably pyrite. The concentration of these phases was too low to be detected by whole rock 

XRD analysis.
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Marble XRD patterns

I
!
fiC

Fig. 11.2. Overlaid XRD spectra o f the upper and lower surfaces o f sample BRE 02.

Extensive Raman microprobe analyses using 514 nm excitation from an Ar+ laser source reveals 

the marble to be composed of predominantly calcite. The position of some of the Raman bands 

suggests the presence of other carbonates, probably dolomite. Table 11.1 details the frequency 

positions of the main Raman bands of calcite, dolomite and siderite as given by Herman et al 

(1997).

■ bottom
■top (+ 1500cps)

j ___A
LA

degrees 2 theta

external Vl V3 v4 vi + v4

Calcite, CaC03 154 283 1087 1438 714 1750

Dolomite, CaMg(C0 3)2 177 301 1099 1440 729 1745

Siderite, FeC03 190 296 1090 1443 734 1736

Table 11.1. Raman band positions o f calcite, dolomite and siderite (after Herman et al, 1997).

Figures 11.3 and 11.4 show the typical spectra recorded from areas immediately adjacent to 

sulphide grains. Figure 11.3 is the result of using the xlOO objective lens with twenty 

accumulations of ten second scans. The analysis shown in Figure 11.3 suggests some overlap of 

the spot or interference from the pyrite grain. The pyrite peaks and calcite bands are indicted by 

‘py’ and ‘cal’, respectively. Additional weak features indicated in Figure 11.3, centred at

203



1 1 - Investigation of stained dimension stone

approximately 1322 cm'1, 610 cm'1, 658cm \  407 cm 1 222 cm 1 probably relate to the brown 

staining and closely correspond to the Raman band positions of hematite, 0t-Fe2O3. Subsequent 

analyses of particles within the BRE02 sample yielded Raman spectra of ‘pure’ hematite.
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Fig. 11.3. Raman analysis o f spot adjacent to pyrite grain.
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Fig. 11.4. Raman analysis o f spot adjacent to pyrite grain.
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The analysis in Figure 11.4 was acquired with the x50 objective and with three accumulations of 

ten seconds. Two of the calcite bands are indicated in this detailed region of the spectrum. 

Additional bands not corresponding to a carbonate species are indicated at 765 cm'1, 786 cm 1 

and 795 cm"1. These bands may be attributed to SiC used in the grinding process. In comparison 

to Figure 11.3 the band at around 965 cm 1 is significantly stronger.

carb
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carb

carb4000-
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Raman Shift (cm-1)

Fig. 11.5. Raman spectrum o f stained area. Carbonate ‘doublets’ indicate two carbonate species.

Figure 11.5 displays the Raman spectrum recorded from a vein within a particularly stained area 

of the sample. The x20 objective lens was used and the spot was defocused by 20% to illuminate 

a larger area of the sample than with the xlOO objective (several tens of micrometers2). Five 

accumulations of thirty-second scans were recorded. The spectrum has been multi-point baseline 

corrected for clarity. The predominant features of the spectrum belong to the carbonate in the 

sample. The presence of pairs of ‘double peaks’, indicated as ‘carb’, with subtle differences in 

position suggest that two carbonate species are present in the analysis region. Based on the study 

of carbonate discrimination using Raman by Herman et al (1987) the higher wavenumber peak in 

each of these pairs probably belongs to dolomite. Two broad, moderately weak features can be 

seen centred at 449 cm 1 and 613 cm"1. The weak feature indicated at 341 cm 1 is probably 

ascribed to pyrite. As in Figures 11.3 and 11.4 there is an unattributed band at around 967 cm"1.
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Filter paper and residue analysis

The bromoform very efficiently retained the dense particles, which were analysed by Raman 

spectroscopy and found to be predominantly pyrite and rutile. It was noted that the paper used to 

filter the mixture had its outermost edge stained brown as the liquid evaporated. A Raman 

analysis of this staining was undertaken since as it was assumed that the same species 

responsible for the staining in the tile was responsible for this staining. Detailed optical 

microscopic examination of the outer edge of the filter paper revealed the presence of minute red 

brown crystals. One of these is displayed in Figure 11.6.

Fig. 11.6. Red brown crystal retained in filter paper.

The 785 nm laser was used in the analysis of the paper and residue. However, the spectra are still 

dominated by fluorescence, despite the selection of the longer excitation wavelength. Attempts 

were made at analysis and the spot size and laser power density were varied in order to obtain 

Raman bands above the fluorescence. Analyses were made of the inner, unstained area of the 

filter paper and also the brown edge and particles retained by the filter paper.

The brown edge, resembling liquid chromatography experiments, only gave Raman bands that 

matched those of the filter paper, analysed for reference. Figure 11.7 displays the overlaid 

spectra from a red crystal trapped by the filter and the reference paper spectrum. Both spectra 

have been baseline-corrected and smoothed for clarity. The red brown crystals in the filter paper

206



Matthew J. Bloomfield Applications o f Raman spectroscopy

were found to be strongly absorbent in the red spectrum and some sample damage was observed 

at higher laser intensities.

260000 -

Filter paper
C 250000-

Residue particle

o>
O 240000-
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Fig. 11.7. Comparison o f the Raman spectra o f filter paper and red crystal trapped in the filter.

The most significant differences between the paper and red brown crystal Raman spectra are 

indicated at 717 cm"1, 749 cm"1 and particularly at 971 cm"1. Although there are several 

differences between the spectra above this region, these intense, sharp bands are not thought to 

belong to a pure mineral species. For example, the most intense Raman band of the carbonates is 

associated with the symmetric stretching vibration of the CO32' anion and occurs, as has been 

shown, at around 1100 cm"1. Given the nature of the bonding the masses of the elements 

involved, few functional groups in minerals are likely to have strong vibrations that occur above 

this frequency. The bands may belong, then, to the adsorbed organic species, for example, from 

the bromoform used.

The aggregate of crystalline particles shown in Figure 11.8 was analysed with 514 nm laser. Low 

laser power was used and a low magnifying objective used to illuminate many particles. Signal 

was built up by co-adding twenty-five accumulations of ten second scans. The spectrum from the 

sample, shown in Figure 11.9, is very different from any of the other analyses from this sample 

set. There are no contributions in the spectrum in Figure 11.8 from the filter paper.
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Fig. 11.8. Image o f  particle aggregate found in filter paper.
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Fig. 11.9. Raman spectrum o f aggregate shown in Figure 11.8.

The position of the most intense band, a doublet indicated at 965 cm 1 and 977 cm 1 is of interest. 

The frequency is very similar to bands displayed in Figures 11.3, 4, 5 and 7.

11.4 - Discussion

The presence of pyrite in marble is well known. The origin of the pyrite is probably the reduction 

of dissolved sulphate in the pore water of the original limestone reacting with Fe2+ in the pore 

water, itself derived from the reduction of iron hydroxides and oxides on clays and organic 

matter (Tucker, 1991). The Carrara marbles grade from pure white to shades of grey, depending
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on their concentration of iron sulphides (Hunt & M iglio, 1992). It has been straightforward using 

microRaman spectroscopy to show the presence of pyrite in the BRE02 marble sample. The use 

of alkaline solutions, bleach or strongly oxidising solutions as cleaning agents are known to react 

with Fe sulphides resulting in the release of discolouring ferrous oxides. Highly variable 

discolouration results from ranging crystal density, size and  permeability of the stone. The 

presence of hematite, the most stable of the many Fe o x id e  minerals under oxidising conditions 

(Tucker, 1991), is indicated in the Raman spectra of laser-excited regions of brown stain and also 

from the study of single crystal aggregates in the sample.

The presence of rutile has been determined by Raman microspectroscopy in sample BRE 02. 

Raman spectra recorded from grains in the sample are excellent matches with those of the 

database. This polymorph of T i0 2 produces intense, m oderately broad Raman bands at 445 cm '1, 

610 cm' 1 with a weak shoulder at 687cm'1, and broad, w eak  bands at 234 cm' 1 and 805 cm '1.

Two of the weak, broad features indicated in Figure 11.4 at around 449 cm' 1 and 613 cm' 1 could 

be attributed to rutile. However, the other Raman bands characteristic of rutile are not present. 

The Raman bands are rather weak which would make th ese  additional features difficult to 

resolve above the baseline. The calculated FWHM values for the 449 cm' 1 and 613 cm' 1 bands 

compare well with the values calculated from the rutile single crystal bands (45 cm'V46 cm' 1 and 

41 cm'V35 cm '1, respectively).

Another interpretation of the broad bands around 449 c m ' 1 and between 610 cm' 1 and 650 cm' 1 is 

to ascribe these bands to the presence of a jarosite-group compound. This group, with the general 

formula [A/Fe3(S04)2(OH)6] (where M+ = K+, NH4+, N a+, Ag+ and Vi Pb2+), has been extensively

studied with respect to the dissolution of pyrite (e.g. Sasaki, 1997 and Sasaki et al, 1998). Bands
2 2in these positions correspond very well to the v2(S04 ') and  V4(SC>4 ) bending mode frequencies 

given by Sasaki et al (1998). If a jarosite-group mineral were detected in the BRE02 sample, we
9 -1 1 9might expect the strong vi(SC>4 ) band at between 1000 cm ' and 1015 cm' and the V3(SC>4 ') to 

occur at between 1090 cm' 1 and 1115 c m 1. However, the  positions of the Vi(S042) and V3(SC>42’) 

bands are known to shift depending upon the species o f the  M+ ion and the change in the c 

parameter that results (Sasaki et al, 1998). Figure 11.9 a lso  reveals significant spectral activity in 

the region of the spectrum identified by Sasaki et al (op. cit.) where the vibrations of O—Fe
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occur. The study of jarosite-group compounds is important in the study of acid mine drainage 

where iron-oxidising bacteria are known to dramatically increase the rate at which acids are 

produced from pyrite.

The phases known to be present in sample BRE02 do not account for all the Raman bands shown 

in the preceding spectra. The inference is, then, that they are associated with the orange brown 

staining. Typically, these additional bands are rather broad. Broad bands are hard to attribute to 

any particular functional group or vibrational mode since they cover a relatively large 

wavenumber range. One of the causes of broad bands is small crystallite size (Wopenka et al, 

1996). O f these additional bands is one that occurs repeatedly at around 964 cm' 1 and appears 

significantly sharper (see, for example, Figure 11.4) than the other non-carbonate bands. The 

band appears to be independent of the hematite, pyrite and rutile Raman bands.

Positions of main Raman bands/cm"1

mineral v2 v4 Vi

gypsum, CaS04.2H20 412 619 1007

anhydrite, CaS04 418 677 1019

anglesite, PbS04 441 609 980

baryte, BaS04 453 617 988

glauberite, Na2Ca(S04)2 472 621 1008

linarite, PbCuS04 516 634 969

celestine, SrS04 463 641 1002

kalinite, KA1(S04)2.11H20 456 620 976/991

coquimbite, Fe3+(S04)3.9H2) 286 509 1026

polyhalite, K2MgCa2(S04)4.2H20 438 615 990/1015

apatite, Ca5(P04)3(0H,Cl,F) 439 592 966
Table 11.2. Positions o f  some Raman bands in som e sulphate minerals and apatite.

The Raman spectra of some sulphate minerals show their most intense band, corresponding to
2 1 the symmetric stretching vibration of the (SO4 ') anion at around 980 cm' . The exact frequency

depends upon the local bonding environment and chemical species. In single crystal gypsum it is

centered at 1008 cm' 1 (Prasad, 1999) and around 969 cm"1 in linarite. Anglesite and baryte share
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many similarities in the positions of their peaks with those unattributed in the BRE 02 sample. 

Table 11.2 lists the positions of some of various sulphate minerals that have the sulphate anion in 

different structural configurations. The positions of the main bands in apatite, a phosphate 

mineral, are also given. Data are partly from the Renishaw Raman Database of Minerals and 

Inorganic Materials and partly measured by the author from samples.
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Fig. 11.10. Raman spectrum o f melanterite, an Fe sulphate crystal.

Figure 11.10 shows the Raman spectrum recorded from a crystal of the Fe sulphate mineral 

melanterite, Fe2+S04.7H20. The band positions highlighted in the spectrum are a very close 

match with the positions of bands shown in the spectra from the discoloured regions of the 

BRE02 sample. The Fe sulphate shows two very sharp, very closely spaced bands at 976 cm'1 

and 989 cm'1. The presence of two bands may indicate two structural configurations of the SO42 

anion. It is not possible to resolve two bands in the BRE02 sample spectra shown. This may be 

explained by crystal size and orientation effects or by some deviation from the ideal structure.

The effect of using organic oils to improve the appearance of polished stone has been mentioned 

as a potential cause of staining. Although the main C—H stretching region of the spectrum was 

not routinely analysed there is no spectral evidence of organic matter in the region below 

2000 c m 1.
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11.5 - Conclusion

Petrography remains the most useful tool in assessing the suitability of a stone for use in flooring 

and facades. However, when analysing stained stone, microRaman spectroscopy is probably the 

most effective tool. Sample preparation is minimal when compared to EMPA and SEM but it 

retains a sufficiently high spatial resolution and selectivity. For example, EMPA and SEM 

techniques are unable to determine the presence of organic matter.

The technique described has enabled the detection of trace amounts of rutile and pyrite in 

marble, which probably occur as authigenic mineral phases. MicroRaman analysis of stained 

regions can yield spectra that indicate hematite, a red brown mineral that occurs from the 

oxidation of iron sulphides. In addition, there is strong spectral evidence of a sulphate phase. The 

position of what is inferred to be the vi(S04) band appears at a significantly lower frequency than 

in free gypsum, a probable reaction product in marble. A closer match is found with the Raman 

spectrum of Fe sulphate which may be explained by local excess of Fe released upon the 

oxidation of the Fe sulphides combining with sulphurous acid. Further evidence for the presence 

of a sulphate phase comes from the study of jarosite-group compounds. However, it is not 

possible at this stage to comment upon the possible composition.

The samples provided for this study were not supplied with any additional information 

concerning the development of the staining. As Hunt & Miglio (1992) point out, staining and 

discolouration depends upon stone type can occur at every stage: at source, during the finishing 

process, packaging, transportation, storage, design, final usage and maintenance. The spectra 

indicate that oxidation of the authigenic pyrite has occurred. This may have been induced by the 

action of proprietary cleaning products or simply the action of atmospheric pollution.

This study has clearly demonstrated that microRaman spectroscopy can be more sensitive than 

X-ray diffraction in the determination of mineral species present in a rock. Not only were 

sulphides and oxides detected with the microRaman but it has also been possible to show the 

presence of other carbonates where XRD could not.
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11.6 - Further work

This study has focussed on the analysis of one sample of stained marble dimension stone. 

Samples of unstained marble and also of a stained granite were also supplied but not analysed. It 

would be interesting to analyse these samples in the manner outlined above and to compare the 

Raman spectra. The granite would be particularly interesting because the staining could not have 

occurred as a result of reaction with calcite. Whilst pyrite could be present, it is not the likely 

major ‘ferromagnesian’ phase present.

The development of a field tool based on the technique of Raman spectroscopy could be highly 

advantageous in the study of discolouration of dimension stone. The preceding study has centred 

on the analysis of samples in the laboratory. However, it is entirely feasible that a optic fibre- 

based portable instrument could be used to determine the nature of discolouration components, 

this study has shown the advantages of using a large illumination area, which is technically 

easier to achieve that a micrometer-sized laser spot.

The recent development of Laser-Induced Breakdown Spectroscopy (LIBS) has enabled many 

detailed qualitative studies of pigments used in manuscripts and paintings. The method can be 

combined with Raman spectroscopy -  the ablating laser is also used to induce the inelastic light 

scattering. The equipment is portable, provides sensitive measurement of elements and has 

adequate spatial resolution (Clark, 2002) for the analysis of stains on rock surfaces.

The other possible reaction products that could occur in this environment should also be 

investigated. For example, the presence of nitric acid could give rise to the development of 

nitrate minerals. Similarly, Table 11.1 lists the frequencies of the main Raman bands of apatite, 

which correspond quite closely with the observed positions of the Raman bands obtained from 

the marble sample. Phosphates of calcium and iron could arise as reaction products if a 

phosphoric acid were used as a cleaning agent, for example.
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12 - Investigation of fired clay bodies
The aim of this preliminary investigation of brick-making material is to assess the suitability of 

microRaman spectroscopy in determining the phases present in a suite of fired clay samples. The 

study represents the third in the series using microRaman spectroscopy to study processes and 

transformations that can occur in natural materials.

12.1 -  Introduction

This project was initiated because it was perceived that Raman spectroscopy could help elucidate 

the phase developments that occur upon firing clay materials. The ultimate aim of an 

investigation of this type would be to determine accurate time-temperature conditions that might 

lead to efficient firing programs and even provide in situ analyses, i.e. in the kiln, of the bricks as 

they are being fired.

Bricks have been manufactured for hundreds of years and the process is still largely unchanged. 

A comprehensive mineralogical review (Dunham, 1989) of the brick-clays used in the UK 

identified mineralogical techniques as key to understanding the mineralogical changes upon 

firing that produce a commercial product. This was taken a step further in a detailed chemical 

and mineralogical study of three important UK brick-clays (MeKnight, 1991). With the aim of 

understanding the poorly studied phase changes, this study tried to ascertain if the time and 

temperature conditions used in the brick manufacturing industry could be altered to make the 

process more energy efficient whilst achieving the same quality of product. However, the 

chemical changes that accompany the phase changes (loss and nucleation of phases) identified 

were still largely qualitative since a technique that could allow one to measure the mineralogy 

during firing was not available.

Previous work

The DTA/TG analyses of Dunham (1989) were able to show the dehydroxylation and 

dehydration and collapse of the clay minerals and the loss of other volatiles. Other observations 

were semi-quantitative on the basis of chemical data only. Dunham (1989) suggested that the 

dehydration of the clay minerals and further heating caused a collapse in the structures to form
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new, more compact and stable phases. For example, the transition of structureless (i.e. 

transparent to XRD) metakaolinite to mullite and cristobalite. The extensive XRD work of 

McKnight (1991) advanced the use of T-T-t diagrams by applying the method to the bulk 

mineralogy of pellets fired to a rigid range of conditions. The curves he produced were semi- 

quantitative in that the boundaries were placed between quite widely spaced data points that 

defined regions of either an occurrence or non-occurrence of a certain mineral species.

Initial searches the published literature exposed no studies where microRaman spectroscopy has 

been applied to the analysis of bricks. A later search, carried out towards the end of this study 

exposed a multi-analytical study of brick clays in Santa Cruz (Alia et al 1999). In it, FT-Raman 

spectroscopy was used, amongst other techniques, to characterise the mineralogical content of 

traditional bricks and make suggestions for starting materials to improve the properties of the 

fired brick.

12.2 -  Sample material

As an initial assessment of the applicability of microRaman spectroscopy to this project some 

small briquettes were produced. The raw material selected was Etruria Marl from the Broomfleet 

Quarry, Humberside. This clay is very well studied and is one of the major brick clay resources 

in the UK; its composition leads to an almost ‘ideal’ brick (McKnight, 1991) composed of 

interlocking acicular mullite grains in a glass matrix that bonds the relic quartz grains. These are 

the mineralogical features that give rise to the desirable properties of high compressive strength, 

fracture toughness and durability.

Preparation of briquettes

The material available was ex-quarry, i.e. it was removed from the working stockpile. Grain 

sizes ranged from dust to fragments 4 mm across. In order to facilitate the briquette manufacture 

the clay was reduced in size using an agate TEMA mill. It was thought that the finer grain size 

would aid the homogenous mixing with water and reduce the likelihood of incorporating air 

pockets into the briquettes. Trapped air would expand in the kiln and lead to explosive 

disintegration of the briquettes.
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Distilled water was gradually added to a quantity of the clay and mixed until a homogenous 

mixture close to its plastic limit was reached. This stage was defined by the clay mix being as 

stiff as possible but without crumbling upon moulding with the fingers. In this state the mixture 

contains slightly more water than that required for the plastic limit (Procedure for the Production 

and Firing of Clay Briquettes, Geology Department, University of Leicester). This was then 

placed in a Perspex mould whose internal dimensions were 12.5cm x 2 cm x 1.5 cm. The clay 

was carefully tamped down to eliminate air pockets. Excess material was removed and a code 

embedded in the surface. Briquettes were allowed to dry at room temperature before firing. A 

total of ten briquettes were made following this procedure.

Firing conditions

For this initial study firing times were selected as 500 °C, 750 °C, 850 °C, 950 °C and 1050 °C. 

Soak times were around one hour, with two briquettes fired at each temperature. Ramp 

parameters were 50 °C per minute with the kiln allowed to cool to room temperature naturally.

Petrography

Observations under plane-polarised and cross-polarised light (PPL and XPL) were carried out on 

samples fired to the lowest and highest temperatures. Sections were taken parallel to the 2 cm x 

1.5 cm rectangular section towards the centre of the bricks.

500 °C

The deep red brown colour of the hand specimens is apparent in the PPL. The very fine grained 

nature of the matrix makes it difficult to distinguish individual particles. Larger matrix grains are 

estimated to be around 10 micrometers long and equant. The matrix is a strong red brown colour 

in PPL and under XPL the body colour masks any birefringence. Towards the outer edges of the 

sections the grain sizes are finer and there is less distinction between individual matrix grains. In 

addition, the body colour becomes more intense.

Around 25% of the volume of the brick is comprised of much larger grains. These range in size 

to a maximum of about 300 micrometers. Typical sizes are around 100 micrometers. Large 

grains have angular to sub-round shapes. They include lithic fragments and opaque grains. The
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majority are a very deep red brown colour and are the coarse equivalent of the coloured matrix 

grains.

Fig. 12.1. White light image from section through middle o f sample fired to

There is a relatively high proportion of pore spaces towards the middle of the sections. The sizes 

vary but are typically less than the average size of the large grains. Towards the edges of the 

sections the pore spaces become fewer and smaller.

Figures 12.1 and 12.2 display white light images in PPL of the 500 °C sample towards the 

middle and edges, respectively. Note the differences in matrix colour and concentration of pore 

spaces.

Fig. 12.2. White light image from section through outer edge o f sample fired to 500°C.

1050°C

The most striking difference between the high and low temperature-fired samples is that many of 

the large grains in the latter are surrounded by a thin pore space layer. The layer appears quite
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uniform  with a thickness o f betw een 5 and 10 m icrom eters. It may be accounted for by 

d ifferences betw een the coeffic ien ts o f  therm al expansion  betw een the m atrix and large grains 

and grain size (surface area). T his pore space layer is c learly  observed in figure 12.3 despite the 

low im age resolution.

In com parison with the low tem peratu re-fired  sam ple, m any o f  the large grains appear optically 

clearer; it is easier to identify individual angu lar quartz  grains. In addition, there appears to be a 

low er concentration o f pore spaces in the centre  o f  the bricks and the m atrix has a m uch less 

intense co lour than in the 500 °C sam ple. H ow ever, there  are m uch larger discrete areas of a dark 

red brow n colour. The m atrix appears to be m ore c rysta lline  and with h igher pow er objectives 

the presence o f  very sm all, co lourless, acicu lar crysta ls  w ith quite diffuse edges. These grains 

com prise  only a tiny fraction o f  the total, perhaps only  1%. The im age in figure 12.4 clearly 

show s one o f these acicular grains.

Fig. 12.3. PPL im age from 1050 °C sam ple show ing pore space layer.

Fig. 12.4. PPL im age from 1050 °C sam ple show ing acicular crystal.
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2.3 -  Analysis and Results

Both pow der X -ray diffraction , X R D , and m ic ro R am an  spectroscopy  are excellen t m eans o f 

m ineral phase identification . T he la tte r has the ad v an tag e  o f  o ffering  in situ analysis, i.e. in 

m acro specim en  and in thin section , and  does not req u ire  sam ples to be ground to a fine pow der. 

B oth techn iques offer sim ilar spatia l reso lu tion ; they  are  capab le  o f  analysing  m icrom eter-sized 

particles.

The aim  o f  using R am an spectroscopy  in th is study  is to  de tec t the various phases in sam ples and 

to e lucidate  on the cond itions o f  p hase  changes d u ring  firing , including  the nucleation  o f new 

phases, m ineral structure changes and e lem en t p a rtitio n in g , e.g. into the glass.

X-ray diffraction

Sam ples an d  firing  tem p era tu res

E tru ria  M arl 1M

500  °C

2M

750  °C

3M

850  °C

4M

950 °C

5M

1 0 5 0 °C
M inerals
detected

quartz >*c

illite *

kaolinite

goethite

gypsum *

anatase % +

chlorite

hematite sjc % jfc

pseudo-

rutile
+

mullite %

rutile

crichtonite

T able 12.1. Results o f  X R D  analyses. * indicates detection  by X R D  and + indicates
possib le  presence.
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X R D  analyses w ere carried  ou t on the d ried  raw  m ate ria l and on the briquettes fired to the five 

d ifferen t tem peratures. P ressed  p o w d er cav ity  m o u n ts  o f  the  m icronised m aterials were analysed 

by a Ph ilips P W 1710  instrum ent o p era tin g  at 4 0 k V  and  w ith  a beam  curren t o f  30m A. A Cu 

target w as used  and the X -rays filte red  to  se lec t the  C u kot rad iation . A nalysis param eters were 4° 

to 65° 20  w ith  a step angle size  o f  0 .02° 20 and a scan  ra te  o f  1° 20 per m inute. The peak 

positions w ere run in pP D S M  so ftw are  aga in st the  JC P D S  data  set. The qualita tive  results are 

show n in T ab le  12.1.

MicroRaman spectroscopy

This initial assessm ent o f  the su itab ility  o f  the  tech n iq u e  w as based  around phase  determ ination 

in the b riquettes and the spatial reso lu tion . T he u n co v e red  th in  sections used  fo r petrographic 

analyses w ere used for m icroR am an  analysis.

A R enishaw  R M  1000 w as used  th roughou t. T he 782  nm  line o f  a H eN e d iode laser w as used 

in itia lly  but excessive lum inescence  caused  by  the  s trong  absorp tion  o f  the  inciden t energy by 

the sam ple m asked  the R am an signal. In o rder to red u ce  the  effects o f lum inescence  the 514 nm  

line o f  an A r+ laser w as em ployed . A cqu is ition  tim es used  w ere typ ically  single exposures o f 

th irty  seconds o r five accum ula tions  o f  1 0  seconds.

The R am an  instrum ent w as used  to  try  and d e te rm ine  the identity  o f  the coarse  grained  particles. 

The fine grain  sizes m ade it im possib le  to  reso lve  the  c lay  particles op tically  in the  sam ples fired 

to low er tem pera tu res (i.e. b e low  1050 °C, sam ples 1M to 4M ). T he clay  and o ther m inerals 

proved  to  be in tractab le  to ana lysis  by  this m ethod. In add ition  the high Fe con ten t m ade R am an 

analysis d ifficu lt due to the e ffec ts  o f  lum inescence  on the R am an spectra.

M icroR am an analysis w as based  on sam ple 5M , fired  to  1050°C. The grain  sizes w ere 

sign ifican tly  larger, facilita ting  the ir visual de tec tion . A naly sis  o f  the R am an bands recorded and 

using the R enishaw  R am an D atabase  o f  M ineral and  Ino rgan ic  M aterials spectra, quartz , anatase, 

hem atite  and goeth ite  w ere determ ined . F igure  12.5 d isp lay s  a R am an spectrum  recorded from  a 

spot in the  5M  sam ple and com pares it to the re fe rence  hem atite  spectrum . T here  is an excellen t 

agreem ent w ith the position  o f  m any o f  the m ain  h em a tite  bands.
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Fig. 12.5. Hem atite reference spectrum  (red) and hem atite from sam ple 5M  (blue).

Figure 12.6 d isplays a R am an spectrum  recorded from  sam ple 5M  with a goethite  reference 

spectrum . T he sam ple spectrum  show s quite poor signal to noise ratio, how ever, the strong 

agreem ent betw een the bands at 211 cm"1, 277 cm "1 and 380 cm  1 is evident. The broad band in 

the reference spectrum  at -1 3 0 0  cm ' 1 is barely reso lvab le  above the noise in the sam ple 

spectrum . A dditional peaks in the 5M  sam ple spectrum  at 136 cm  1 and close to 600 cm 1 m ay be 

associated w ith anatase. A reference anatase spectrum  is show n in figure 12.7. H ow ever, anatase 

was not detected  with any certain ty  using X R D  in sam ples fired to m ore than 750 °C. The two 

strong bands in the anatase spectrum  at 393 cm  1 and 513 cm  1 are orientation dependent; at 

certain crystal orientations they are very w eak rela tive  to  the 139 cm 1 band, w hich is alw ays 

very intense.
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Fig. 12.6. G oethite reference spectrum  (low er trace, red) and goethite from sam ple 5M  (purple).
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Fig. 12.7. R eference anatase spectrum.
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Several o f the colourless, low re lie f needles were analysed . In all cases, the Ram an spectrum  was 

identified as a -q u artz . Som e analyses returned spectra  w ith bands attributable to hem atite in 

addition to those o f  quartz. The Ram an spectra o f  m ullite  and the high-tem perature form s o f S i0 2 

are sign ificantly  different. A Ram an spectrum  recorded  from  a needle is show n in figure 12.8 

with a reference spectrum  o f a -q u a rtz . There is excellen t agreem ent betw een the tw o spectra, 

apart from  the additional band in the 5M  sam ple spectrum  at about 147 c m 1. In the absence o f

222



12 -  Investigation o f fired  clay bodies

any o ther significant additional bands it is possib le that the presence o f the band is orientation- 

dependent.

It w as not possible to positively identify  any o f the m ullite , rutile and crichtonite, 

(Fe2+F e 3+T i)i.7 iC>3, phases detected  by pow der X R D  in sam ple 5M using m icroR am an 

spectroscopy.

40000 

30000

55±L
■e
-5  20000
1 
8  o

10000 

0

Fig. 12.8. a-quartz Raman spectrum from  needle in sam ple 5M  and reference sam ple.

2.4 -  Discussion
The purpose o f perform ing pow der X R D  analysis on these  fired m aterials was to support 

identification o f phases determ ined  to be present using  m icroR am an spectroscopy. H ow ever, the 

results do clearly  display the phase changes; the gradual loss o f  clay m inerals to form  the K,A1- 

rich g lass (and later m ullite), the dehydroxylation  transfo rm ation  o f goethite, a -F eO .O H , to the 

h igh-tem perature stable form  hem atite , a -F e 2C>3 . A s the tem perature increases som e o f the Fe is 

com bined with the Ti to form  pseudorutile , Fe2+T i3C>9 , then crichtonite, (F e2+Fe3+Ti)i.7 i0 3 . 

A natase is detected  in the briquette  fired to 950 °C. T he transform ation  o f  anatase, the low 

tem perature polym orph o f TiC>2 , occurs at tem pera tu res g rea ter than 730 °C (D eer et al, 1992). 

The occurrence o f  anatase in sam ple 4M , fired to 950  °C, cou ld  be explained by the dependence 

of this reaction upon the fineness o f  the m aterial and the short soak tim e. A natase shares very 

sim ilar d-spacing  reflections w ith pseudorutile  and it is possib le  that the assignm ent o f peaks to 

anatase is incorrect. A nalysis by EM PA  w ould help  d e te rm ine  the chem ical nature o f  this phase.

N.

V\ /

I—-' V /\

Q uartz needle in 5M  

R eference quartz

200 400 600 800

Raman Shift (cm -1)

1000 1200
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The ex trem ely  fine-grained  nature o f  the m aterial m ade any optical studies im possib le . The X R D  

results for the bulk raw  m aterial are sim ilar to that de tec ted  by M cK night (1991). He observed  

hem atite  add itionally , but not ch lo rite  or gypsum .

D ue to  p rob lem s o f  sam ple heating  and subsequen t excessive  lum inescence overw helm ing  the 

R am an spectra, few  results from  the R am an analysis o f  the  sam ples are p resen ted  here. H ow ever, 

the experim en ts  that w ere successfu l raise  som e in te resting  points. T he strong  band at 1351 cm ' 1 

for the 5M  sam ple in figure 12.5 is considerab ly  b ro ad e r than that in the  reference  hem atite 

spectrum . T his d ifference cou ld  be associated  w ith  the very  fine particle  size in the sam ple (the 

reference w as a lm ost certain ly  reco rded  from  a sing le , euhedra l crystal) or, possib ly , due to 

d isorder in the lattice.

W hite (In: F arm er, 1974) notes that a deviation  from  sto ich iom etry  can resu lt in large 

d ifferences in R am an bandw id th s and in tensities. T he  e ffec t is poorly  stud ied  bu t one study 

suggests that the bandw id th  change  can be  used to  m easu re  the degree o f  non-sto ich iom etry  in 

som e com pounds. A ll the hem atite  bands in sam ple  5M  are b roader than those  o f  the reference 

w hich po in ts to  d iso rder d ifferences. T he d ifferences in re la tive  in tensity  be tw een  the bands 

around 294 c m ' 1 for the  sam ple  and  reference spectra  in figure  12.5 m igh t be a ttribu ted  to 

o rien tation  effects. A dd itional bands in the sam ple spectrum  could  be assigned  to quartz  or 

ilm enite, FeTiC>2 , both  o f  w hich  also  have a peak  c lo se  to  461cm "1. T he b road  band around 

683 cm ' 1 a lso  suggests an ilm en itic  com ponent to  th is analysed  region. F igu re  12.9 show s a 

reference ilm enite  spectrum .
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Fig. 12 .9 . R eference ilm enite spectrum.

The strongest band in the ilm enite spectrum  is at approx im ate ly  690 c m '1, close to the position o f 

the 683 cm  1 band in figure 12.5. The ilm enite iden tification  could be supported  by the fact that 

at high tem peratures a solid solution exists betw een hem atite  and ilm enite (D eer et a l, 1992). The 

hem atite-ilm enite  series probably  does not fit into e ither o f  the classic ‘one-m ode’ or ‘tw o-m ode’ 

behaviour m odels in term s o f  their R am an response. O ne-m ode behaviour is characterised by a 

shift in band frequencies betw een the (very sim ilar) end-m em ber spectra. This m odel conform s 

to factor group analysis. T w o-m ode system s break  the selection rules (W hite, In: Farmer, 1974) 

and interm ediate com pounds along the solid solution have Ram an bands belonging to both end- 

m em bers. A s the percentage o f  each end m em ber changes the relative intensities o f the Ram an 

bands change. The presence o f  both ilm enite and hem atite  bands could also be explained by the 

laser spot overlapping and exciting  tw o or m ore grains. G iven the very fine particle size and non- 

confocal instrum ent arrangem ent this m ight be a possib ility . It should be noted that ilm enite was 

not detected  in any o f the sam ples analysed by the X R D  m ethod.

Figure 12.6 strongly  suggests the presence o f anatase  in the 5M  sam ple. This appears to support 

the in terpretation  o f  the X R D  data that anatase is p resen t in sam ple 4M . The XRD  data for 

sam ple 5M  did not suggest the presence o f  anatase. T he  identification o f goethite is less sound, 

however. T here are strong m atches only w ith the 211 c m ' 1 and 277 cm  1 bands o f the sam ple and 

reference goethite. N either o f  these bands occurs in the  hem atite  or ilm enite Ram an spectra
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(figures 12.5 and 12.8, respectively). From  the X R D  analyses, goethite is only detected in the 

raw m aterial; none o f the fired sam ples appear to contain  this phase. It is possib le that the X R D  

data was m isinterpreted or that the Ram an bands at 211 cm  1 and 277 cm  1 are com m on to 

m ullite or crichtonite (or even pseudorutile). M ullite has the form ula 3 A l20 3 .2 Si0 2  w ith a 

structure sim ilar to sillim anite consisting  o f A1 octahedra cross-linked by A1 and Si tetrahedra 

(D eer et al op. cit.). The R enishaw  database o f m ineral spectra reveals a sim ple spectrum  for 

m ullite consisting o f only tw o bands located at 440  cm ' 1 (actually  a broad band centred at 441 

cm  1 w ith a weak shoulder at 408 c m 1) and 609 cm  1 (actually  a band at 609 cm  1 w ith a w eak 

shoulder at 577 c m '1). The m ullite reference R am an spectrum  appears in figure 12.10. Poor 

signal to noise ratio m akes it d ifficult to confidently  determ ine additional bands at either h igher 

or low er w avenum bers.

440 609

<TJ
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200 400 8 00 1000 1200 1400 16006 00 1800

Raman Shift (cm-1)

Fig. 12.10. R eference m ullite spectrum.

Given the com parably  sim ple structure, it appears log ical to assign the low er frequency m ode to 

the sym m etric  stretch o f the Si tetrahedra (the band  is located  at 465 cm ' 1 in a-quartz ) and the 

higher frequency m ode to  the identical m otions o f  the Al tetrahedra. M cM illan & Piriou (1982), 

how ever, assign alum inate-stretching frequencies in m ullite  to around 700 cm ' 1 from  their w ork 

with g lasses along the SiC^-M AlCF jo in . The structu re  o f  the glass can be considered in term s o f 

isolated structural units. In crystals the in teractions be tw een  the different structural units 

becom es im portant and this could low er the frequencies. A lso, since the sym m etric stretching 

m otions o f  (S i,A l)O x polyhedra are highly polarised  the  absence o f strong bands around 700 cm  1
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in the reference m ullite  spectrum  cou ld  be ascribed  to polarisation . N one o f  the bands listed for 

m ullite  are c lose  to  the 211 cm ' 1 and 277 cm ' 1 bands cu rren tly  assigned to  goeth ite .

C rich ton ite  and pseudorutile  do not appear in the R en ishaw  database. W ith  the form ula 

(Fe2+Fe 3+Ti), 71O 3 , c rich ton ite  m igh t be expected  to  have  R am an bands at low er w avenum bers 

than m ullite  due the m otions o f  the  large, heavy Fe and  Ti atom s. S im ilarly , the R am an spectrum  

o f pseudoru tile  (Fe2+T i3C>9 ) m ight also  be expected  to  have its strongest R am an  bands in the 

low er reg ion  o f  the spectrum , as is found for ilm en ite , hem atite  and goeth ite . T hese  are, o f 

course , genera lisa tions and the band  positions w ill be  h igh ly  dependent on the crystal structure, 

site sym m etries and bond character.

It w as hoped that at th is early  stage in the investiga tion  that the p resence o f  m ullite  could  be 

firm ly estab lished  using  R am an spectroscopy. T h is is the  phase identified  by  M cK night (1991) 

as the  principal s treng th -p rov id ing  com ponen t in b ricks. A nalysis o f sam ple  5M  by  X R D  

confirm s the p resence o f  m ullite  above 1050 °C. T he  stud ies o f  M cK nigh t (1991) suggest that 

sam ple 5M  underw ent firing  tha t p laced  it on ly  ju s t  w ith in  T -T -t space w here the assem blage 

anatase + K -feldspar + hem atite  + quartz  + m ullite  +  ilm en ite  is stable. T h is, and the fact that the 

m ullite  crysta ls are like ly  to  be  o f  the o rder o f  five  m icrom eters  long (M cK nigh t, 1991) and 

w eak R am an scatterers, p robab ly  exp la ins w hy m u llite  w as not detected . M cK nigh t found that 

for a four-day  soak  period  at 1300 °C m ullite  crysta ls  a tta ined  typical d im ensions o f  fifty 

m icrom eters by 0.5 m icrom eters .

It has not been  possib le  to  co m m en t upon the fo rm ation , d istribu tion  or ro le  o f  g lass in the brick  

sam ples. Identified  as the  key  m atrix  com ponent b in d in g  m ullite  and o ther strength-form ing  

grains together (C .A . Je ffrey  pers. com m .), v itrifica tion  m ay occur at a round  900°C, depending 

on the starting  com position , and  in particular, c a rb o n a te  con ten t (A lia et al 1999). Ram an 

spectroscopy  is not su ited  to com positional stud ies o f  g lasses although the m ethod has been 

applied  to syn thetic  g lasses along  relatively  sim ple  sy stem s (see section 6  for a d iscussion o f 

R am an spectroscopy  in g lass analysis). In the b rick  sam ples, it should be possib le  to identify 

regions o f  g lass from  crysta lline  m aterial w ith  the ca v ea t that chem ical analyses be perform ed by 

EM PA , for exam ple. T he m ajo r lim itation to th is a spec t o f  study w ould be fluorescence and an

227



M atthew J. Bloomfield Applications o f  Raman spectroscopy

F T -R am an approach m ay be m ost suitable. P erfo rm ing  area m aps could  p rov ide  useful insight in 

to the  abundance  o f  glass that cou ld  then lead to  op tim isa tion  o f  firing cond itions o r use o f  

fluxes.

2.5 -  High temperature Raman analysis

The m icroR am an analyses d iscussed  w ere all carried  o u t at room  tem perature . A s w as stated  in 

the in troduction , the u ltim ate a im  o f  an investiga tion  o f  th is type is to  perfo rm  in situ analysis in 

the kiln.

T here are practical d ifficu lties w ith  perfo rm ing  analysis  o f  th is type at e levated  tem peratures.

The largest physical p roblem  is the overw helm ing  e ffec t on the R am an spectrum  caused  by  b lack 

body em ission . A t tem peratu res over 800 °C th is is p articu la rly  acute (Dr. K. W illiam s pers. 

com m .) and  leads to the w eak R am an bands being  h idden  beneath  a very strong  background. 

W ith  long excitation  w aveleng ths i.e. near-IR , the p rob lem  is exacerbated. Selecting  an 

excitation  w avelength  as far as possib le  from  the IR  p resen ts  the only  solution. H ow ard Sands 

(in ternal R en ishaw  pic report, 2000) notes that w ave leng th s  below  500 nm  should  be used, and 

p referab ly  in the UV range. H ow ever, U V -R am an requ ires  the  use o f  special, quartz  optics since 

glass absorbs U V  energy. T his m akes the in strum en ta tion  very  expensive. In addition, U V  lasers 

are s ign ifican tly  m ore expensive  than those o pera ting  in the v isib le  o r near-IR  and  also require 

m ore rigorous safety  m easures.

In a b rie f  com parison  exerc ise  betw een  514 nm  and 785 nm  excitation , sim ple  experim ents w ere 

perfo rm ed  at e levated  tem pera tu res. A  fragm ent o f  agg reg a ted  a -q u a rtz  g rains around 2 m m  

across w as loaded  into a w ater-coo led  L inkam  T 1 5 0 0  sam ple  cell. This dev ice  can be m ounted 

on the m icroscope  stage and allow s sm all sam ples (<7 m m ) to  be heated in a controlled  m anner 

to 1500°C. A nalyses w ere recorded  at various tem p era tu re  in tervals to m on ito r the quartz “ soft- 

m ode” that lies at 207 cm "1. T he shift o f  this band  to  lo w er frequencies w ith  increasing 

tem pera tu re  is w ell-docum ented  (e.g. Scott, In : A n d erso n , 1973) and disappears upon the phase 

transform ation  to  (3-quartz at 573°C. A nalyses w ere co n tin u ed  to 600°C w ith  the 785 nm laser 

and 800°C w hen using the 514 nm  laser. A s ex p ec ted , the  background  due  to therm al effects 

was very m uch low er in the v isib le  than in the  near-IR . A t 600°C the spectra  in the near-IR  w ere
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dom inated  by a steeply-sloping  background  that m asked  all but the strongest R am an bands. W ith 

514 nm  excitation  at 800°C the background  w as very shallow  and all bands w ere c learly  

resolved. It should  be poin ted  ou t that the effect on the R am an spectrum  is an exponential rise 

(Dr. I.P. H ayw ard, pers. com m .) in the background level as tem perature  increases and that we 

m ight expect g lass not to be form ed in bricks until a tem pera tu re  o f around  900°C  is attained. 

D espite  the  experim ent being  term inated  at qu ite  m odera te  tem peratures, the  data  confirm  that 

short excitation  w avelengths are p referab le  for stud ies at elevated  tem peratu res.

T here  are several m anufacturers o f  h igh-tem pera tu re  p robes that are adequate  for the  purpose 

ou tlined . T hey  typically  have sapph ire  w indow s, w h ich  can be  problem atic since sapphire has 

very  strong  pho to lum inescence  bands in the v isib le  spectrum . The bands are  w ell-characterised  

so cou ld  be subtracted  but they m ay m ask w eak R am an  bands that occur in the sam e region. The 

probes are  based  on fibre-optic  technology. W hilst the  effic iency  o f  the fib res is good, the 

coup ling  betw een  the laser and fibre  can be ra ther ineffic ien t, in troducing losses. T his requires 

the use o f  m uch h igher-pow ered  lasers. A lso, the m in im um  laser spot size ach ievab le  beyond the 

probe is lim ited  by the d iam eter o f  the fibre; typ ica lly  fifty  m icrom eters. T h is  greatly  reduces the 

spatial reso lu tion  that can be achieved .

W ith  a su itab le  laser (perhaps a h igh pow ered  457 nm , 488 nm , 514 nm  or even  532  nm ) and 

probe, it m ay be possib le  to successfu lly  record  bu lk  R am an spectra from  b rick  sam ples w ithin a 

kiln . It m ay  be advan tageous to  analyse the an ti-S tokes reg ion  since these bands w ill be shifted 

to longer shorter w aveleng ths and  thus be ‘fu rth e r’ fro m  the  heat-induced  lum inescence. A s 

stated  in section 2  the popu la tion  o f m olecules in e leva ted  energy  states is also  h igher at elevated  

tem peratu res.

2.6 -  Conclusion

D espite  the  inconclusive resu lts  presented  here, m icroR am an  spectroscopy m ay well add to the 

research  into b rick  m ineralogy . This m ay be the first app lication  o f d ispersive  m icroR am an 

spectroscopy  to the study o f fired  brick  sam ples. S evera l o f  the m ineral phases w ere identified 

and the techn ique  is able to d istingu ish  betw een all o f  the phases listed  in T able  12.1. The 

R enishaw  database  o f  m ineral spectra is based upon gem m olog ica l sam ples, how ever, it does
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contain  a huge variety  o f  rock-form ing  m inerals and m inerals w hose rarity  is a function o f  the ir 

m ore ex trem e stability  fields, i.e. m ullite. A database  o f  m inerals and m aterials relevant to the 

b rick-m aking  industry  w ould  be advantageous in fu rther studies o f  th is nature. O f particu lar 

relevance to this study w ould  be to obtain the R am an spectra o f p seudoru tile  and crichtonite.

R esults from  R am an spectroscopy presented m ay ind icate  the p resence o f  a solid  solution series 

betw een hem atite  and ilm enite  at the h ighest tem pera tu re  o f  firing. T his subm ission could not 

have been  m ade w ithout ev idence from  this techn ique. X R D  analysis o f  m aterial falling betw een  

the tw o end-m em ber com positions w ould have p roduced  am biguous resu lts. EM PA  though 

analysis w ould help to  determ ine the exact com position  it w ould not have elucidated the 

structure  o f  the com pound.

The high Fe conten t o f  the m aterial used in th is study  lim ited  the investigation . The selection  o f  a 

d ifferen t starting  assem blage o r alternative excita tion  w avelength  m ay lead to better results.

2.7 -  Further studies

A n in teresting  area o f  fu rther study m ay be to re-ana ly se  the m icro reg ions that appeared to be 

dam aged  by the absorp tion  o f  the incident laser energy . If  the structure cou ld  be determ ined  or 

recognised  this could  have im plications for o ther h igh  tem peratu re  stud ies o f  m inerals. The 

pow er densities availab le  using  m icroR am an are o f  the  o rder o f  hundreds o f  kW  cm “ (Dr. A. 

Z im m erm an , pers. com m .). T here are few  o ther m eans o f  supplying energy  o f  this m agnitude to 

m inerals and causing  h igh ly-localised  heating.

T he p revious d iscussion  clearly  leads to a rev ised  p rogram  o f  study. A  new  starting assem blage 

w as selected  based on the basic com m on m ineralogy  o f  U K  brick  clays. This constitutes a m ix o f 

kao lin ite  (K) o r illite (I), quartz  (Q), m ica (M ) o r fe ld spar (F) and very  m inor hem atite (H). It is 

thought that these raw  m aterials, if  adequately  pure  and a reasonably  coarse  grain size could  be 

bought together and fired  to provide a m ore w orkab le  m aterial to con tinue the Ram an 

assessm ent. To provide adequate a lum inosilicate  and  flux ing  com ponents the mix w ould have to 

be in the approx im ate  proportions: 60%  K or I, 30%  Q, 8 % H and 2%  F or M. The firing 

cond itions will m ore closely  follow  M cK nigh t’s (1991) study and involve different sam ple
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preparation  m ethods. E ssen tia lly  this w ill involve the use o f  a lum ina crucib les and firing to 

g rea ter tem peratu res and soaking  for longer periods o f  tim e.

T he m icroR am an analysis o f  the  sam ples should  a lso  be carried  out under confocal optical 

cond itions. This w ould allow  m uch greater spatial reso lu tion  by reducing the  effects of 

refraction . This m ethod represen ts the m axim um  spatial reso lu tion  availab le  for structural and 

chem ical d ifferences across grain  boundaries using  R am an. H ow ever, the transform ations m ay 

w ell be on a sub-m icrom eter range and require a d iffe ren t technique, such as TEM .

Studies based  on the use o f  h igh tem peratu re  p robes shou ld  only  be in itia ted  w hen the 

m icroR am an technique has been  show n to p rov ide  da ta  on the  m ineral transform ations that occu r 

on firing. T he first step m ight be  to perform  real tim e  analyses in a h igh tem pera tu re  cell 

m ounted  on the m icroscope stage  o f a m icroR am an instrum ent. The L inkam  T 1500 is capable  o f  

heating  a sm all vo lum e o f  sam ple to 1500 °C in a con tro lled  m anner. R am an  spectra recorded at 

set tem pera tu re  in tervals m ay record  the im portan t transfo rm ations and the crysta llisa tion  o f  

m ullite  and  the nucleation  and grow th  o f  g lass, for exam ple.
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13 - Investigation of limestone organic content
T his section concentrates on an app lication  o f the ‘G lobal R am an im ag ing’ fac ility  o f  the 

R enishaw  R M  2000 instrum ent. In th is fourth  assessm en t o f R am an spectroscopy  applied  to 

investigating  processes affec ting  natural m aterials, im aging  is used to exam ine  the spatial 

d istribu tion  o f  the organic m atter p resen t in a lim estone.

13.1 -  Introduction

Som e lim estones are w ell know n  to contain  app rec iab le  organ ic  m atter. P etrog raphy  and residue 

analyses have show n that the  concen tra tion  m ay be sign ifican t. The p resence  o f  organic m atter 

reflects the  ‘orig inal organic  input and subsequen t p rocesses o f  d iagenesis and  m etam orph ism ’ 

(Tucker, 1991). F o r organ ic  m atter to persist in a lith ified  rock  then e ither anox ic  conditions 

m ust have p revailed  since deposition  (T ucker, 1991) o r the  organic m aterial represen ts an 

ex trem ely  recent event.

T he d istribu tion  o f  the o rgan ic  m ater is o f  in terest s ince  it m ight allow  a g rea ter understanding  o f  

the m echan ism s con tro lling  flu id  flow  through lith ified  bod ies. This can be im portan t, for 

exam ple, in locating  fossil fuel reserves o r deposits o f  econom ically  im portan t m inerals.

C arbon in geo log ical m ateria ls  is w ell-stud ied  using  R am an  spectroscopy. R eferences in Jeh licka  

et al (1997) describe  the charac te risa tion  o f coals, an th racites , kerogens and  graph ito ids from  

m etased im ents as w ell as g raph ites  and diam onds. A  c lea r advantage o f  u sing  R am an 

spectroscopy  to  study carbon  is that the techn ique is ab le  to d istingu ish  not on ly  betw een carbon 

bound in the  structu re  o f  m inerals , e.g. the carbonate  an ion  C O 3 ', and organic carbon, but also 

betw een the d iffe ren t po lym orphs o f  carbon. W hilst X R D  can d ifferen tia te  betw een the 

crysta lline  form s, am orphous C has no d iffrac tion  pattern . O f  the few  chem ical m ethods 

available, none are m icro techn iques. T he techn ique has also  been applied  to  synthetic  carbon 

com pounds, p igm en ts and ca ta lysts (references in Je h lick a  et al, 1997). T here are also 

technolog ical app lications using  D iam ond-L ike-C arbon  (D L C ) film s w here the first order carbon 

R am an spectrum  is used to quan tify  film  quality  and th ickness.

232



13 -  Investigation o f  limestone organic content

13.2 -  Samples

The sam ples used w ere co llected  by  M r. C .A . Jeffrey  from  C arboniferous L im estones sequences 

from  D erbyshire , England. R epresen tative  sam ples from  each  horizon co llected  w ere prepared  as 

uncovered  th in  sections for petrography . T hese sections w ere also used for the  m icroR am an 

analysis in th is study. The sequence  contains bo th  dark  and ligh t co loured  ca lcareous rocks, the 

fo rm er con ta in ing  sign ifican tly  g rea ter p roportions o f  o rgan ic  m atter. T he o rgan ic , b itum inous 

m atter p robab ly  represen ts ancien t flo ra  and fauna. T h e re  are d iffering  postu la tions o f  the 

d istribu tion  o f  the organic m atter. It m ay reflect the  transporta tion  to the sed im entary  sequence 

o f  an a llogenic  com ponent, p robab ly  rela ted  to flu id  m ovem en t associated  w ith  the N orth Sea oil 

field  and driven  by vast hydrosta tic  pressure. A lterna tive ly , the d istribu tion  w ith in  the sections 

stud ied  resem bles that o f  o rgan ic-filled  sty lo lites. Irregu lar, su ture-like boundaries are observed  

to ex ist in som e lim estones and evaporites in response  to  chem ical com paction  (T ucker, 1991). 

O verburden  o r tectonic stresses can  cause  increased  so lub ility  along grain  boundaries, leading to 

p ressu re-d isso lu tion  o f the  grains; in so lub le  residue  includ ing  clay  particles, o rganic  m atter and 

iron m inerals can becom e concen tra ted  along  the sty lo lites  that cut across grains, cem ent and 

m atrix  (T ucker, 1991).

Petrography

The carbonate  rocks used  in th is study  w ould  be c lass ified  as b iosparite  o r b iom icrite  to bio- 

oosparite  o r b io -oosparite  (after Fo lk , 1962, in T ucker, 1991), o r as skeletal g rainstones using the 

nom enclatu re  o f  D unham  (1962  In : T ucker, 1991). T he g rains are qu ite  b row n and turbid  in 

those thin sections w ith  a h igh  p resence  o f  organic m atter. M atrix  grains are re la tive ly  large 

(cen tim icron-sized) and anhedra l to  subhedral w ith  s tra ig h t and irregular grain  boundaries. A  

fine-grained , m icritic  m atrix  is a lso  presen t in these  he te rogeneous sam ples. R am an spectroscopy 

o f the m atrix  reveals the p resence  o f  calcite , quartz  and  o rgan ic  m atter. C om m only , a drusy 

m osaic rep lacem en t occurs w ith  the infilling  o f  vo ids in b ioclastic  fragm ents. T he origins o f  the 

b ioclastic  are largely  mollusa ; b rach iopods, b ivalves, gastropods, ech inoderm s and foram inifera. 

There are a lso  coral rem nants. T he petrography  su g g ests  a carbonate  she lf slope or ree f or o ther 

w ave-dom inated  shallow  m arine depositional env iro n m en t. T he bioclastic nature o f the rock is 

h igh ligh ted  in F igure  13.1.
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Fig. 13.1. L ow  m agnification PPL im ages o f  bioclastic lim estone. N ote the rich presence o f  b ioclastic fragments.

The organic m atter is characterised  by persistent, opaque ‘strands’ that resem ble stylolites. In 

places the strands b ifurcate and split or collect in m uch th icker ‘seam s’. G enerally , the strands 

pass along grain boundaries but the b itum en also co llects in ‘ponds’ and in bioclastic  fragm ents 

and voids. W ithout the benefit o f  the hand specim ens o r the field relationships, the overall trends 

in orientation o f  the b itum inous m atter cannot be determ ined . The thickness o f the strands varies 

greatly; thin coatings fo llow ing grain boundaries can be resolved using the m icroscope w hilst in 

places visual inspection o f  the th in  section easily  reveals the irregular and erratic paths o f the je t-  

black m aterial in places. C aptured  im ages o f thin grain coatings and th icker ‘seam s’ are

displayed in F igure 13.2.

Fig. 13.2. W hite light im ages (PPL) o f  bitum inous matter in lim estones.
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13.3 -  Experimental procedure

For experim ents using global R am an im aging (for descrip tion  o f the analy tical m ethod see 3.3) 

reg ions w ithin the thin sections w ere selected  that had  d istinctive  patterns o f  organic content. 

S election  o f  these areas w ould  facilita te  the corre la tion  w ith  Ram an im ages created . The size o f 

the reg ions had to be carefu lly  considered . R am an im ages can be co llected  theore tically  w ith any 

o f  the objectives available (5x, lOx, 20x, 50x and lOOx). Im ages o f larger areas are possible 

using the low  m agnification ob jec tives, how ever, since  the N A , i.e. the ligh t-co llec ting  

efficiency , increases w ith m agnifica tion  and the free w ork ing  distance decreases (i.e. less 

potential for stray light con tam ina tion ) there is a trade-off. Table 13.1 sum m arises the relevant 

optical p roperties o f  tw o o f  the ob jec tives used  w hen reco rd ing  R am an im ages.

O bjective NA
Free w orking distance/ 

m icrom eters
Field o f view/ 
m icrom eters

Defocused spot d iam eter/ 
m icrom eters

x20 N Plan 0.4 1 1 0 0 - 2 5 0 -7 5

x50 N Plan 0.75 380 - 1 0 0 - 3 0

T able 13.1. Properties o f  the 20x and 50x  ob jectives for im aging  experim ents.

A R am an grating  spectrum  w as reco rded  from  a reg ion  o f  the opaque, b itum inous m atter using 

514 nm  excitation  to determ ine  the position  o f  the  band  that cou ld  be used  to  im age. The 

spectrum  disp layed  in F igure  13.3 is typical o f  am orphous carbon w ith tw o m ain  broad bands. 

The h igher frequency  band is ca lled  the ‘G ’ (or ‘g ra p h ite ’) band and is a represen ta tion  o f  the 

Eig2 v ib ra tion  (Jeh licka et al, 1997). O ther, w eaker G  bands appear in reg ions o f  the Ram an 

spectrum  not covered  in this study. T he m ain low er freq u en cy  band is term ed  the ‘D ’ ( ‘d efec t’ or 

‘d iam o n d ’) band. The m ain D  band  ( ‘D j ’) at 1360 cm  1 is accom panied  by four o ther defect 

bands. T he in tensity  o f the defect band ind icates the  d iso rd ered  nature o f  the b itum inous 

m aterial. T he positions o f all five bands are ind ica ted  in the  curve-fit in F igure  13.4. The R am an 

spectra o f  o rdered  graphites have a m uch h igher in tensity  ratio  o f G to D and the bands are m uch 

sharper than in am orphous carbon. In d iam ond  only  the  D  band  is present. It is ex trem ely  intense 

and m ay have a FW H M  o f only  several w avenum bers.
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Fig. 13.3. Raman spectrum o f  am orphous, bitum inous F ig. 13.4. Curve Fitting o f  five  first order carbon
matter. Raman bands.

The G band w as selected to use for im aging. It is sign ifican tly  sharper (approxim ately  80 c m '1) 

than the Dj band (approxim ately  200 c m '1) although sligh tly  less intense. A R am an spectrum  

using the filters instead o f  the grating w as perform ed w ith  the scan range betw een 1500 cm ' 1 and 

1700 cm ' 1 w ith  a one second exposure  at each position . C urve-fitting  the resu lting  spectrum  

indicates the position at w hich the filte r should be centred . The filter spectrum  and curve-fit are 

show n respectively  in F igures 13.5 and 13.6.

57000- 

56500-

I  5*000'
55500-

o
°  55000- 

54500- 
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1520 1540 1560 1580 1 600 1620 1640 1660 1680 1700

Raman Shift (cm-1)

Fig. 13.5. Filter spectrum o f  G band. F ig. 13.6. C urvefit o f  G band (thick line) and a defect
band (dashed) to data (red line).

There is a significant d iscrepancy  betw een the positions o f  the centres o f  the G band recorded 

using the grating and the filters. T he d ifference arises due  to the d ifferent calibration procedures 

betw een the grating spectrom eter and the filter path. S ince the im aging is not used in this 

instance for qualitative analysis, i.e. determ ining  the species, the d ifference in band position can 

be ignored.

Im ages w ere created  with both 514 nm  (green) and 633 nm  (red) lasers during different 

analytical periods. E ither o f  the v isible excitation w aveleng ths is suited for producing a Ram an

Raman Shift (cm-1)
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spectrum  from  am orphous carbon. In all cases, the laser spot was fully defocused on to the 

sam ple surface by setting the beam  expander in the ‘E xperim ent Set-up’ w indow . Im ages o f the 

defocused spots using green (x50 objective) and red (x5 objective) lasers on a silicon w afer are 

shown in F igure 13.7. The filter position  was centered at 1592 cm ' 1 (green excitation) and 

1610 cm ' 1 (red excitation), depending  w hen the im aging  experim ents w ere run.

■ P I
Fig. 13.7. D efocused  spots with green and red excitation.

Exposure tim es used for im age co llection  varied  be tw een  60s and 1000s. S im ilarly , the x5, x20 

and x50 objectives w ere experim ented  w ith to determ ine  w hich gave the best results. As w ith 

grating spectra, the signal strength  o f  im ages depends upon the scattering potential o f  the species 

As w ith conventional photographic  cam eras, very long  exposure  tim es w ill resu lt in poor im age 

quality. W ith  R am an im ages, an over-exposure  tim e causes a  loss in the spatial resolution as the 

im age becom es blurred. C onversely , if exposure tim es are too short, insuffic ien t signal m ight be 

collected  to form  a quality  im age. F igure  13.8 is a R am an im age reproduced from  Figure 3.11 

that show s the distribution o f m icrom eter-sized  grains o f  pyrite  d issem inated  in quartz.
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Fig. 13.8. Raman im age o f  pyrite in quartz to highlight spatial resolution.

13.4 -  Results
Several im aging experim ents w ere carried  out. Som e resu lts are presented in F igures 13.9 and 

13.10 w ith the corresponding  w hite light im age cap tu red  from  the m icroscope cam era. An 

approxim ate position o f  the im aged area is given. T he  R am an im ages are co loured  using the 

‘F ire ’ and ‘E arth ’ co lour schem es for clarity . In each  case the brighter areas correspond to 

greatest in tensity  o f  the signal that passed  through the  filter. Som e im ages w ere also created by 

selecting the Vi(C0 3 > band o f  the ca lc ite  at around 1086 cm"1.

N one o f the Ram an im ages show n w ere flat-fielded  to  correct for the effects o f  non-uniform  

illum ination o f the sam ple surface. The im ages cou ld  be m isleading w ithout this correction; 

bright areas m ight sim ply be caused  by increased R am an signal corresponding  to increased 

excitation by the laser, since the in tensity  o f  the R am an is proportional to the intensity o f the 

laser. A good exam ple is that show n in im age E. F rom  the w hite light w e m ight conclude that the 

gastropod whorl is essentially  uniform ly  d istribu ted  w ith  organic m atter. F rom  the Ram an im age 

the d istribution appears greater in the centre and to the  right.
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633 nm laser 
5x objective  
240  second exposure

B

633 nm laser  
5x ob jective  
60  second exposure

c

633 nm laser  
20x objective  
600  second exposure

Fig. 13.9. Im aging o f  bitum inous matter in lim estones.
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5 1 4  nm laser 
20x  objective 
180 second exposure

5 1 4  nm laser 
5x  objective  
6 0 0  second exposure

Fig. 13.10. Im aging o f  bitum inous matter in lim estones.

Flat-field ing was applied to som e R am an im ages reco rded  during a later series o f  experim ents on 

the lim estone sam ples. F igure 13.11 show s a raw , uncorrec ted  im age com pared  w ith two 

corrected  versions. In each, the co lou r range, or L ook  U p T able (LUT) has been  altered through 

the softw are to  im prove the con trast o f  the im age. T his technique is routinely  used  in the analysis 

o f  both R am an im ages and m aps. D uring  the a lteration , the data  is not changed , m erely the w ay 

the m ap or im age appears. The b righ t areas correspond  to  the presence o f  the carbon ‘G ’ band. 

F lat field  correction 1 w as perfo rm ed  using an im age recorded  from  a Si w afer prior to the 

acquisition o f  im ages from  the sam ple. The second Si im age file was created  later w ith slight 

change in laser pow er to dem onstra te  the im portance o f  rigorous analytical procedure. Errors in 

the correction can be seen as sligh tly  b righter areas bo th  in and around the illum inated region.

In all three im ages in Figure 13.11 the m ain reg ions o f  carbon in the illum inated  area are clearly  

identifiable. A pplying the correction has the effect o f  sligh tly  increasing the spatial resolution o f 

the im age.
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Raw data

v.
Flat-field 1 Flat-field  2

Fig. 13.11. Raman im age from uncorrected data and tw o im ages from flat-field  corrected data

13 .5 - Discussion

It proved  difficult to m atch m any o f  the features in the R am an im ages to the  corresponding  w hite 

light im age. It appears that that in the version o f the R enishaw  W iR E  softw are used that the 

im ages w ere ‘flipped’ both  horizon tally  and vertica lly  rela tive to the w hite light im age. In som e 

cases, how ever, it w as possib le to  correlate  features o f  the im ages once th is had been corrected. 

For exam ple, the foram inifera cham bers in A, the d istinctive  shape o f  grains in C  and the 

gastropod cham ber wall in E. T he R am an im age in D  show s a significant am ount o f detail. 

H ow ever, none o f the features can be correlated  to  the w hite light im age.

T he Ram an im ages created  during  these experim ents are not o f  very high spatial resolution. 

O rganic m atter (am orphous carbon in this case) is no t su itab le  for Ram an im aging  due to the 

large bandw idths o f the m ain first o rder D and G bands (200 cm ' 1 and 80 c m '1, respectively). The 

bandpass o f  the filters used to screen out the unw anted  signal is only approxim ately  2 0  c m '1. 

F igure 13.12 indicates the approx im ate  position  o f  the  filte r w ithin the spectral range covered.
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Fig. 13.12. Filter spectrum o f  G band and approxim ate position  o f  filter bandpass.
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Fig. 13.13. Grating spectrum o f  calcite from lim estone used and the position  o f  the filter.
N ote the high background.

It is c lear that the G band is sign ificantly  w ider than  the bandpass. C onsidering  the very high 

background signal in the g rating  R am an spectrum  show n in F igure 13.13 it is not surprising that 

there is low  spatial reso lu tion  in the im ages. Im ages w ith  better resolution m ight be expected 

from  im aging the v i(C 0 3 ) band. F igure 13.13 poin ts to the inherent sharpness o f  this band (a 

FW H M  value o f 3.9 cm ' 1 w as determ ined  from  the data), a function o f the highly  ordered nature 

o f  the anion and the sym m etry  o f  the structure and the  vibration. Tw o im ages w ere created in the 

sam e m anner as outlined for the carbon G bands. A  filte r spectrum  was recorded  from  a calcite  

grain to determ ine the optim al filter position for im ag ing  experim ents. O f these tw o im ages, that 

d isplayed in Figure 13.14 gave the better im age.
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633  nm laser 
20x  objective 
3 6 0  second exposure

The Ram an im age in F igure 13.14 appears to show  the  shape o f the calcite  grains. D ark patches 

correspond to opaque regions in the w hite light im age; the organic m atter.

Im aging o f  these sam ples e ither by the carbonate  band  or the carbon G band  is clearly  affected 

by the strong background present in the R am an spectrum . Im ages w ith be tte r reso lu tion  w ould  be 

obtained  if  a background subtraction w ere perform ed. T his could be an im age recorded in the 

sam e m anner but in a region o f  the spectrum  w here there  are no R am an bands.

Flat field ing  should be applied  to im ages generated . F igu re  13.11 indicates tha t often the raw  

data is sufficient to determ ine the spatial d istribu tion  o f  im aged com ponents bu t that spatial 

resolution can be im proved by  the application o f  a m athem atical correction fo r laser pow er 

distribution. H ow ever, in th is study attem pts to im prove the  im ages by correction  w ere generally  

unsuccessful. Spurious signals can arise from  the d iv ision  o f  very large num bers, i.e. the 

in tensity  o f  the Ram an signal o r background  from  the  sam ple, by very sm all num bers, i.e. the 

very low  background given by the silicon w afer used  fo r flat-field ing corrections. C onsequently  

the in tensity  scales o f the resu lting  im age data can b ecom e extrem ely  w ide and the im ages 

becom e far less convincing than before fla t-fie ld ing  correction . It is vital that the acquisition o f 

correction data, i.e. a R am an im age o f  the silicon w afer, be  perform ed rigorously , im m ediately 

p rior to o r ju s t after the sam ple im ages and checked  fo r spurious features.

Fig. 13.14. Raman im aging o f  ca lcite  grains with organic matter.
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T he techn ique o f  R am an im aging  m ay be m ore app licab le  and suited to o ther geological or 

m ineralogical sam ples than the ones studied here. T he m ethod requires a re la tive ly  strong, sharp  

band to  im age that is in a reg ion  o f  the  R am an spectrum  not occupied by  ano th er species, for 

exam ple, the  host m ineral.

It m ay be useful for the techn ique to perform  m ultip le  im ages using  d iffe ren t bands. It can be 

tim e-consum ing  to set up the im aging  experim ent, po ten tia lly  eroding  the speed  advantage the 

m ethod  has over po in t-by-poin t m apping. Im ages reco rded  o f  o ther species w ould  offer far m ore 

insight in to the sam pled regions. S im ilarly , there  are  no  post-co llection  analyses available. F or 

exam ple, m apping experim ents perm it the  co llection  o f  a com plete  R am an spectrum  at each 

poin t, a llow ing  the data to be analysed  and to  com m en t on reg ions o f  the  area  studied ra ther than  

ju s t to  com m ent on the in tensity  o f  the  im aged species.

In th is study  R am an im ages w ere co llected  w ith p redom inan tly  the  5x and  20x objectives. T his 

was because  the areas o f  in terest w ere rela tively  large. E ach  perform ed adequate ly  a lthough 

better reso lu tion  appeared to  be o ffered  by the 20x ob jec tive . This is p robab ly  rela ted  to  the 

sm aller depth  o f  field  and increase in inherent con foca lity  w hen using  ob jec tives o f  h igher N A . 

T he ob jective, then, becom es the lim iting  factor w hen  p ro jec ting  the inc iden t laser over a large 

area.

13.6 -  Conclusion

T he im ag ing  experim ents in th is study  w ere partly  successfu l. In the exam ples given in F igures 

13.8, 9, 10, 11 and 14 it is possib le  to  d istingu ish  the se lec ted  species. T he natural broadness o f  

the G  band  and the high backg round  signal con tribu ted  to  the  low  spatial reso lu tion  w hen 

im aged. T he latter also affected  the im ages w hen the  sharp  ‘carbonate  b a n d ’ w as selected. 

Im ages w ith  increased spatial reso lu tion  w ould  be o b ta in ed  w ith a sharp  (<20  c m 1) band and a 

low  background.

T he resu lts  suggest that the spatial reso lu tion  is in su ffic ien t for very th in  strands o f  bitum en and 

can on ly  be used to determ ine the d istribu tion  o f  m uch  th icker strands. O bviously , these can  be
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determ ined  from  optical petrography. H ow ever fo r substances that have sharper R am an bands, 

the spatial resolution o f  the techn ique has been show n to be o f  the order o f  one  m icrom eter.

W hilst im aging  the calcite (e.g. the very  sharp and in tense  vi(CC>3) m ode) w as ab le  to  define the 

grain  boundaries it gave no ind ication  o f  the nature o f  the  m aterial along  the  boundaries. F urther 

‘p o in t’ g rating R am an spectra  w ould  still be requ ired  to  acquire  this in fo rm ation .

R am an im aging is a pow erfu l techn ique although experim en ts  require carefu l p repara tion  o f  the 

experim en t and even som e know ledge o f  the sam ple be fo re  analysis. It w ou ld  be  advantageous 

to record  a background spectrum  and rem ove th is from  the  im aging data.

T he values set for the exposure  o f  the signal to  the  d e tec to r is also crucial. In general, im age 

exposures m ight be ten /hundred  tim es longer than th a t u sed  to  record  a g ra ting  R am an spectrum . 

This value clearly  depends upon the R am an scattering  ab ility  o f  the species.

13.7 -  Further work

C learly  there  is scope fo r the  use  o f  R am an im ag ing  in  s tudy ing  E arth  S c ience  m aterials. T he 

techn ique is only  availab le w ith  R en ishaw  R M  2000  instrum ents, w hich  has lim ited  its use.

T here  is little  published  w ork  using  the m ethod  and  o f  these  very little  is app lied  to  m inerals.

Penetration  o f  the laser through the  sam ple su rface has been  alluded  to  as a  possib le  cause o f  low  

spatial reso lu tion  in the R am an im ages created  in th is study. L onger w aveleng ths penetrate 

fu rther than shorter w aveleng ths and  it w ould  be o f  in te rest to  exam ine fu rther th is effect on the 

reso lu tion  o f  the im ages. V arious excitation  w aveleng th s  are availab le  in the  v isib le  region. In 

addition , the  effect o f refrac tion  o f  the laser upon  enco u n te rin g  the surface w ill have som e effect 

o f  the  R am an signal generated . Incident ligh t w ill ‘b e n d ’ as it enters the sam ple and excite  a far 

g rea ter vo lum e than is desired . T he use o f  an oil and  oil im m ersion  ob jec tive  m ay reduce the 

effects o f  refraction and reduce the excited  vo lum e, increasing  the spatial reso lu tion  o f  the 

im age. A s has been stated, it is not possib le  to  im p ro v e  the confocality , i.e. the  spatial reso lu tion
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beyond that determ ined by the objective selected but the use o f these m ethods m ay be im prove 

the results.

This study has attem pted to use im aging in the ‘conven tional’ m anner, i.e. to  d iscrim inate  

spatially  one species from  another. H ow ever, the technique could poten tially  im age the change 

in in tensity  and not ju s t the presence o f  one species (i.e. R am an band) in another. For exam ple, 

the chem ical zonation in feldspars o r o ther m inerals that form s a solid so lu tion  that exhib it tw o

m ode behaviour could be detected. F igure 13.15 d isp lays an im pression o f  a R am an im age that 

could  be generated from  a concentrically  chem ically  zoned  crystal. The d ifferen t colours 

represent different positions along the solid solution.

Fig. 13.15. P ossib le response o f  chem ically  zoned  crystal to Raman im aging.

O ne-m ode behaviour m ight also  be detectable if  the  position  o f the active band  sw eeps through 

the bandpass o f the filter. The im ages created  m ay reflec t a change in in tensity  if  the 

transm ission  o f the filter is greater tow ards its cen tral position  e.g. a G aussian  transm ission 

profile. O ptically  this type o f  zonation m ay be de tec ted  by studying the b irefringence, w here it is 

o f a high enough order. In som e system s the b ire fringence  change m ay be neglig ible o f be 

m asked by a strong m ineral body co lour and requ ire  E M P A  analysis to detect.
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A nother application in p etro logy  m ay b e  to d eterm in e the presence o f  overgrow ths. If later 

crystal grow th is ch em ica l or structural e .g . n o n -ep ita x ia l, there cou ld  be a d ifference in intensity  

that is detectab le by  using the filters. T his m eth od  w o u ld  be m uch faster than Raman point 

m apping and lead to inform ation  con cern in g  the grow th  con d itions and availability  o f  elem ents, 

for exam ple.
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Chapter 5 -  Technique development

T his chapter com prises sec tio n s 14, 15 and 16 o f  th e current w ork. D uring the cou rse o f  

this research project there appeared the n eed , and op portu n ities for, the tech n iq u e and 

instrum ent to b e d ev elo p ed  to  aid the a n a lysis  o f  m in era ls.

The d esign  and construction  o f  a m acrocham ber to  attach to  a fibre-probe head  su itable  

for con ta in ing  and m anipu lating  g em sto n es is  d iscu ssed . A n  assessm ent is  g iv en  o f  the 

u sefu ln ess o f  adding a quarter-w ave p late to the a n a ly sis  o f  m inerals and the d esig n  o f  a 

sam ple holder su itable for h o ld in g  separated m ineral grains for radiom etric dating is  

discussed .
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14 -  Gem analysis macrochamber
T he d evelop m en t o f  a m acrocham ber to  fac ilita te  the portable Raman identification  o f  

gem ston es is seen  as a crucial a sp ect in the d ev e lo p m en t o f  the technique. T his section  

describes the design  and m anufacture o f  a m acroch am b er for use w ith a fibre-coupled  probe- 

head laser Ram an spectrom eter.

14.1 -  Introduction

Ram an sp ectroscop y in creasin g ly  form s part o f  the g e m m o lo g is t’s arsenal o f  testing d ev ices. 

M any laboratories around the w orld  use the tech n iq u e to identify  gem sto n e sp ecies. Its 

su ccess  in this arena is based  on  its n on-destru ctive nature and unam ibiguity  o f  results. T he  

p resence o f  fillers used  to m ask  d efects in the ston e  can  b e identified , as can the nature o f  

in c lu sion s. T hese m ay occur naturally and aid the determ ination  o f  the p rovenance o f  the 

stone that in m any ca ses  has dram atic in flu en ce  on  the value. S im ilarly , certain in c lusion s are 

characteristic o f  crystals grow n syn th etica lly  so  can  b e  u sed  to d istingu ish  natural from  

laboratory-grow n sp ecim ens.

For m any routine gem ston e  applications o f  the tech n iq u e, it is the confirm ation  o f  identity  

that is required.

14.2 -  Macrochamber design and use

W ell-eq u ip p ed  gem -testin g  laboratories u se b en ch -top  research grade m icroR am an  

spectrom eters. H ow ever, it w as fe lt that there is a n eed  for a m uch sim p ler version  o f  the 

instrum ent that cou ld  perform  the identification  b y  R am an scattering but w ithout the exp en se  

and that cou ld  provide greater m obility . M uch o f  the co st o f  the laboratory versions o f  

com m ercia l Ram an spectrom eters is proportioned to  the greater analytical flex ib ility , 

research-grade m icroscop e and high  spectral and spatial resolu tion  availab le. R enishaw , pic  

m anufacture a Ram an sy stem  based on a hand-held  probe-head  linked  to the laser source and 

the rugged spectrom eter v ia  fibre optic cab le, the R am an A nalyser, R A 1 0 0 . T he probe-head is 

equipped  w ith  the necessary  notch filters to rem o v e the R ay leigh  scattering from  the exc ited  

signal. A  sm all cam era can b e m ounted on top o f  the h o u sin g  to record a v isual im age through  

the o b jective  lens. A  representation o f  the R A  100 layou t is show n in F igure 14.1. The laser
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spot at the sam ple is lim ited  by the d iam eter o f  the fibre carrying the laser, w hich is 60  

m icrom eters.

T ypical applications for the R A 1 0 0  include production  line quality control. Fibre-optic cable  

can effic ien tly  carry signal o ver a d istance o f  the order o f  10’s o f  m etres, thus permitting the 

siting o f  the probe-head on the production lin e  and the spectrom eter and com puter in another 

room , for exam ple.

Probe-head 
with video camera

Laser

Spectrometer
Fig. 14.1. Hardware configuration o f RA 100 equipped with fibre probe head and camera.

T o co in cid e  w ith  a d isp lay  at the International Jew elery  London trade sh ow , Septem ber 5 th to 

8th 1999, a m acrocham ber w as to be designed  that cou ld  be attached to the probe-head to 

facilitate the Raman analysis o f  gem stones and other large crystals. T he aim  w as to 

dem onstrate o f  the b en efits o f  using Raman sp ectroscop y  to distinguish  betw een  sam ples 

subm itted by the public. T he m acrocham ber d ev ice  had to incorporate certain features:

•  T o be sim p ly  attached to the ex istin g  probe-head and retain the ability  to change 

ob jective  len ses

•  T o be capable o f  supporting a crystal up to around 2 cm  in diam eter and to provide 

so m e m eans by w hich  the stone can be oriented  to ach ieve best optical focus

•  B e light-tight such that the d ev ice can be u sed  in public w ithout the possib ility  o f  stray 

light being  em itted from the box.

Laser
Raman
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A  polycarbonate b ox  m easuring 130m m  x 130m m  x 75m m  w ith a h inged lid  w as selected  as 

the basis o f  a prototype b eca u se  its v o lu m e w as thought to be adequate for housing the largest 

crystal expected . A  h o le  w a s d rilled  in o n e  o f  the sid ew a lls  so  that the cham ber could be slid  

over the ob jective, w h ich  protrudes from  the probe-head . A  brass adapter w as produced that 

cou ld  screw  into the probe-head  such  that o b jec tiv es  w ith  the O lym pus®  thread could be used  

in p lace o f  the L eica  o b jec tiv es . A  rubber o -rin g  is p laced  around the co llar o f  the objective  

either side o f  the b ox  s id ew a ll to  prevent ligh t leak age.

T o  hold  and be able to  m anipu late the crystal a pair o f  w ire gem  forceps attached to a long  

steel d o w el w as obtained  from  N e lso n  G em m o lo g ica l Instruments (H am stead, London). T he  

d ow el p asses through a un iversa l bearing m ounted  in the sidew all perpendicular to the 

ob jective . T his arrangem ent a llo w s rotation about the ax is  o f  the d ow el as w ell as m ovem en t 

in three p la n es1 en ab lin g  any sam p le that can b e h eld  in the forceps to be p ositioned  w ithin  

the foca l length  o f  the ob jectiv e . F igure 14.2  d isp la y s tw o  im ages o f  the m acrocham ber 

m ounted  on the end o f  the probe-head . W ith  the h in ged  lid  open (secon d  im age) the ob jective  

and g em  forceps are c lear ly  v is ib le .

Thin strips o f  expanded  p o ly sty ren e foam  w ere attached to the ed ges o f  the lid  to further 

prevent light leak age and a sprung clam p w as screw ed  to the box such that the lid  cou ld  be 

c lo sed  tigh tly  against the foam . T o reduce re flectio n s insid e the box  a dark-coloured matt 

ad h esive  coa tin g  w a s applied .

In any m icroR am an a n a ly sis , the strongest R am an signal co m es from  the point at w hich  the 

laser is  fo cu sed  on that sam p le. For m ost applications this is the surface and the effects o f  

refraction or other penetration  are ignored. W hen  an alysin g  sam ples in the m acrocham ber it 

w as found that w ith  the crystal held  in the forcep s, the lid  c lo sed  and the laser engaged it 

proved d ifficu lt to a ch iev e  the optim um  crystal p osition  using ju st the reflections o f  the laser  

from  the crystal surface recorded by the v id eo  cam era and relayed to the com puter screen. T o  

im prove the sam p le p o sitio n in g  a sm all, battery-pow ered  torch w as fix ed  inside the lid so  that 

the crystal w as su ffic ien tly  illum inated  w ith the lid  c lo sed  to position  the sam ple in ‘w hite

1 y and z movements are more limited than in x, the axis o f the dowel, and the movements are arcs about the 
centre o f the universal bearing. However for small movements and with adjustment of x, orthogonal movements 
can be approached._____________________________________________________________________________________
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ligh t’ before the laser w as en gaged . C om p arison s betw een  the Raman spectra recorded w ith  

the torch on or o f f  sh ow ed  a n eg lig ib le  d ifferen ce; the notch filter rem oving alm ost all but the 

Raman scattered radiation.

RENISHAW d

Fig. 14.2 Gem analysis macrochamber. Note the specimen forceps held in the universal bearing.

W ith the Ram an spectrum  o f  the crystal recorded in the usual w ay2 the identification is 

perform ed by com parison  to those in the reference database based on a ch o ice  o f  

m athem atical algorithm s and the results listed  in order o f  clo sen ess  o f  match.

T he m acrocham ber proved to be su ccessfu l and Ram an spectra w ere recorded from alm ost all 

sam plers subm itted; the o n ly  failure to acquire a Raman spectrum  w as that o f  a sam ple too  

large to fit inside the cham ber.

14.3 - Conclusion
Sam ple identification  is o n e  o f  the principal applications o f  Raman spectroscopy. The 

inherent non-destructive nature and the lack sam ple preparation m ake it attractive to the gem  

testing laboratories. C om pared w ith m any other techniques the results are far less am biguous 

yet it can be applied  to the gam ut o f  mineral sp ec ies  the gem m olog ist m ay be faced with. A  

sim p le m acrocham ber attached to a m ore basic Ram an spectrom eter than the laboratory 

version  cou ld  w id en  the tech n iq ue’s appeal to the gem  trade and m ay even  progress further to 

a truly portable d esign .

T he cham ber w as used  su ccessfu lly  at the jew e lery  trade show  and in subsequent 

dem onstrations o f  the technique since its d evelop m en t. The developm ent o f  a m acro-sam pling
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set for foren sic  m aterials is under in v estig a tio n  at the tim e o f  w riting and the use o f  gem  

forcep s h eld  in a universal bearing as d escr ib ed  is b e in g  considered  as part o f  the set.

14.4 -  Further work
T he cham ber proved  very  u sefu l for the d em on stration  but cou ld  be im proved  by the addition  

o f  a  laser interlock  fitted  to the b ox  and lid. T he current design  presents a risk  o f  exposure to  

re flected  laser light w ith  the lid  op en  and either a crystal or the g em  forceps in the beam  path. 

T he fibre probe-head  has a shutter button  that m u st b e pressed to avo id  this risk and a door  

in terlock  cou ld  be e lec tro n ica lly  linked  to  th is shutter.

2 The RAIOO, at the time o f  macrochamber development, had slightly different operating conditions to the RM 
models. Analysis was achieved in the same manner but with less flexibility. Some o f the components o f the 
spectrom eter differed, requiring a modified software interface.____________________________________________
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15 - Investigation of circularly polarised light
A lth ou gh  polarisation  m easurem en ts form  a principal aspect o f  the vibrational analysis o f  m any  

crystal stu d ies, the e ffec ts  are not a lw a y s desired . In the second  section  describ ing a technique  

d ev e lo p m en t, the notion  o f  u sin g  d ep olarised  ex c ita tio n  energy to record orientation-independent 

R am an spectra from  m in erals is exam in ed . T he w ork  described  fo llo w s on from  a very lim ited  

in itial study in con ju n ction  w ith  Dr. J.B . N e lso n .

15.1 -  Introduction

It is w e ll k now n  that crystal orien tation  e ffec ts  a ffec t R am an spectroscopy. W ith  the excep tion  o f  

iso trop ic , cu b ic  crysta ls, it can  be sh ow n  that the orien tation  o f  a m ineral’s crystallographic axes, 

relative to  the orientation  o f  the p lan e o f  polarisation  o f  the incident laser, can strongly in fluence  

the spectrum  obtained . E m p ir ica lly , it is found that for d ifferent crystal orientations relative to  

the p olarisation  d irection  o f  the laser, the freq u en c ies o f  the Ram an bands are unchanged yet 

their rela tive in ten sities m ay b e con sid erab ly  d ifferen t. S o m e bands m ay be unobservable in 

certain  orien tation s. T h is p o lar isation  d ep en d en ce  can  b e used  to elucidate on a crysta l’s 

structure. T h is d ifferen ce  in in ten sities  is due to the d egree o f  asym m etry o f  the vibrational m ode  

and the co in c id e n c e  o f  the e lec tr ic  vector w ith  the b onds.

In certain  ap p lica tion s o f  the R am an tech n iq ue, h o w ev er , this orientation dependence can be  

undesirab le. For the q u a lita tive  determ ination  o f  cry sta llin e  m ineral sp ec ies  b y  Raman  

sp ectro sco p y , severa l m easu rem en ts m ay h ave to  b e m ade at different sam ple orientations to 

ensure that the correct a ss ig n m en t is  m ade. W h ilst th is m ay b e straightforward for large, euhedral 

crysta ls it m ay  b e  le ss  o b v io u s  for very  sm all, m illim etre-s ized  sam ples, th ose prepared as 

petrographic thin  sec tio n s  or for sam p les that d isp la y  little  external crystal form . A lthough  

see m in g ly  the an tith esis  o f  m an y  R am an in v estig a tio n s, the aim  o f  this investigation  is to 

determ ine w h eth er o rien ta tion -independent R am an spectra can be obtained routinely. The m ost 

im m ed ia te  b en efit  w o u ld  b e  to  increase the accuracy  o f  database determ inations o f  crystal 

sp ec ie s  u sin g  R am an sp ectro sco p y . L iang et al (1 9 9 8 )  h igh lighted  the need for such a 

d ev e lo p m en t b ased  on  their w ork  to  d iscrim inate b etw een  what are term ed by Liang et al as 

natural and sy n th etic  g em  ‘h and icrafts’. T he term  is not exp la ined  but probably refers to carved
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or shaped  o b jects w ith  Eastern cultural or re lig io u s sig n ifica n ce , form ed from  sem i-precious  

m inerals. T h ey  point out that few  g em  p ieces  can sa cr ifice  a portion to be ground to permit 

pow d er X R D  an alysis and that frequently  c lea v a g e s , as an aid to orientation, are not readily  

apparent.

T h eo retica lly , p ow dered  pure m ineral sam p les are not affected  by orientation dependence if  their 

particle s iz e  is less  than the area o f  the an alysis spot s in ce  all crystal orientations are 

sim u lta n eo u sly  presented  to  the beam .

15.2 -  Polarisation of Raman bands

T he polarisation  o f  R am an bands w as b riefly  introduced  in 2.5 . In the preced ing sections, the 

e ffec ts  o f  polarisation  h ave largely  been  ignored; the stud ies being based  on qualitative spectral 

data.

T he ab ility  to ‘la b e l’ certain  m o d es base on their state o f  polarisation is thought to be one o f  the 

“m ost u sefu l featu res” o f  R am an sp ectro sco p y  (G riffith , 1974). It can be sh ow n  (see , for 

ex a m p le , G riffith , 1974), g en era lly  speak in g, that to ta lly  sym m etric vibrations are polarised. The  

Ram an bands o f  a free m o lec u le  ex c ited  by  p lane polarised  light w ill be polarised  to som e  

d egree, by  the nature o f  the vibrations that are represented  by those bands. T he depolarisation  

ratio, p, is d efin ed  as:

p = iJh
w here I ±  is the in ten sity  o f  scattered  radiation w ith  polarisation  perpendicular to the incident

en ergy  and / | |  is the in ten sity  o f  the scattered en ergy  w ith  polarisation parallel to it. So,

m easurem ent o f  the in ten sities , u sin g  polarising  m aterial w here necessary , g iv es  an indication o f  

the d ep o larisa tion  ratio. T hus, to ta lly  sym m etric v ibration s have a p o f  c lo se  to 0. It can be 

sh ow n  that n o n -to ta lly  sy m m etric  vibrations, and th o se  o f  anisotropic crystals, have p o f  c lo se  to

0 .7 5 , that is , m uch  o f  the en ergy  scattered from  that vibration has a polarisation state that d iffers 

from  the inc ident en ergy .
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In a crysta l, the m o lecu les  and b ond s that g iv e  rise to  the Raman bands are essen tia lly  fixed . T he  

elec tr ic  fie ld  o f  the incident en ergy  m ay lead to  an ind u ced  d ipole as a result o f  charge separation  

in that m o lecu le . T he s iz e  o f  the induced  d ip o le , and m ore im portantly, the polarisability is partly  

dependent on the orientation  o f  the m o lecu le  relative to the electric fie ld  direction. C hanging the  

orientation  o f  a crystal relative to the laser in a m icroR am an system  m ay lead to a significant 

ch a n g e in the in tensity  o f  so m e , none or all o f  the R am an bands. T his principle is exp lo ited  in the 

orien ted  crystal stud ies to identify  and assign  R am an bands to particular vibrations.

L iang et al  (1 9 9 8 )  com m en t on  the factor group an a ly sis  o f  the seven  crystal system s. T hey state 

that the to ta lly  sym m etric v ibrations o f  m o n o clin ic  crysta ls are a lw ays non-zero, regardless o f  

the orientation  o f  the incident e lec tr ic  fie ld . Furtherm ore, so m e vibrations in trigonal, tetragonal 

and h exagon a l crysta ls are present in “m ost c a se s” ex cep t w hen the electric fie ld  is parallel to the 

cry sta l’s c -a x is . It is inferred that the vibrations in the other crystal system s requires the crystal to 

lie  in so m e  sp ecia l orientation  relative to the incident electric  field  in order to obtain all the 

vibrational m od es.

15.3 -  Circularly polarised light

It has lo n g  been  reco g n ised  that d e liver in g  m on och rom atic  light o f  all polarisation directions, i.e. 

p olar isation -scram b led  ligh t, to  the sam ple, ou ght to  n egate orientation effec ts . E llip tica lly  

p olarised  ligh t can  be a ch iev ed  by  retarding the p o lar ised  light by 90°, i.e . a quarter o f  a w ave. 

L inearly  and circu larly  p o lar ised  light are the sp ec ia l ca se s  o f  ellip tica lly  polarised  light (L ong, 

1977). T h ese  ca se s  result w h en  the sen sitiv e  tint p late is m ounted orthogonally  or at 45° to the 

plane o f  the original p o lar isa tion  d irection  o f  the laser, respectively . B y  d efin ition , circularly  

p olarised  ligh t con ta in s all polarisation  d irections o f  the electric fie ld  in equal intensity. F igure  

15.1 attem pts to sh o w  the e ffec t o f  retarding the linearly  polarised laser light by a quarter w ave, 

i.e . 7i/2 or A/4 (o n ly  the e lec tr ic  vector  is sh ow n  for clarity). I f  this retarded w ave is instead  

rotated through 4 5 °  re la tive to the y -ax is , the tw o  w a v e s  w ill interfere to produce a ‘h e lica l’ or 

‘co r k sc rew ’ arrangem ent o f  circu larly  polarised  lig h t propagating in z tow ards the sam ple  

(h o w ev er , the e ffe c t is d ifficu lt to  produce in the p lan e o f  the paper). T hus, all polarisation  

d irection s are presented  to  the sam ple.
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Liang et al (1 9 9 8 ) approached this problem  by em p loy in g  a “45° scattering geom etry” although  

it is unclear w hether the inelastica lly  scattered energy  w as collected  at 45° relative to the 

propagation o f  the incident energy or if  polarisation-scram bled  energy w as used.

Sample

Linearly polarised light

Quarter wave retardation

Circularly polarised light

Fig. 15.1. Effect o f adding a quarter wave plate at 45° to the linear polarisation direction.

A  p iece  o f  A74 polarising m aterial w as inserted in the m icroscop e’s parallel accessory plate slot 

to test the theory. S in ce  the laser produces E -W  polarised  light, placing a p iece o f  N -S  polaroid  

in the beam  path very e ffec tiv e ly  b locks further propagation. U sing the polaroid sheet and a 

pow er m eter it w as show n that w ith  the XIA m ounted  at 45° to the vibration direction o f  the laser 

light circularly polarised  light cou ld  be produced i.e . a constant pow er reading recorded after the 

m icroscop e o b jective  resulted from  w hichever an gle  the N -S  polaroid sheet was held in the path 

o f  the laser. Figure 15.2 ind icates the arrangem ent used  to test the circularity o f  the polarised  

light. T he results o f  the laser pow er readings for both 633  nm and 514 nm excitation both with  

and w ithout the quarter w a v e  p late are presented in Figure 15.3. The L ieca D M LM  m icroscope  

used by R enishaw  has a 45° accessory  m ounting plate slot just before the objective lens. This 

position  is optim al for the purpose o f  recording scram bled  Raman experim ents since both the 

incident and scattered light is scram bled. T he requisite part w as obtained from Leica so that tests 

on m inerals cou ld  be perform ed.
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<  > E-W electric 
field
Quarter w ave plate 
mounted at 45° to 
electric field

Objective

N-S oriented  
Polaroids's's's's'S

Power meter

Fig. 15.2. Procedure to test circularity of polarised light using quarter wave plate.

2.5 633 nm (linear)

633 nm with
quarter wave
plate 

—  514 nm (linear)

 514 nm with
quarter wave 
plate

30 90 120 150 1800 60
Rotation of Polaroid/degrees

Fig. 15.3. Effect of adding a quarter wave plate to red and green linearly polarised excitation.

Figure 15.3 clearly  sh o w s that by adding the X/4 p late at 45° the polarisation o f  the visible  

excitation  tends tow ards circularity. By recasting the data as vectors, it is apparent that the effect 

o f  adding the accessory  plate is far m ore pronounced for the green w avelength, i.e. the 

polarisation is m ore circular. Figure 15.4 com pares the circularity o f  the red and green 

w avelength  data. A pproxim ate e llip ses have been fitted to highlight the d ifferences between the 

data.
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Fig. 15.4. Ellipses fitted approximately to the vectors from Figure 15.2.

T he use o f  the X/4 plate d oes caused  a m easured d ecrease o f  around 5% in the laser power at the 

sam ple. A lthough m any m inerals are inherently w eak  Raman scatterers, this factor should not be 

problem atic and no sign ificant d ifference is exp ected  in the intensities o f  spectra recorded with  

the plate inserted. It should  be m entioned that the interaction o f  the circularly polarised light with  

optical com ponents (e .g . len ses and mirrors) has the e ffec t o f  restoring linearity to the beam  (Dr. 

I. H ayw ood , pers. com m .). T he design  o f  the R en ish aw  instrument has very few  optical 

com pon en ts in the Raman scattered light path so  this effect, too, is thought to be small. A lso , the 

e ffic ien cy  o f  the holographic grating is know n to be both w avelength- and polarisation- 

dependent.

S om e prelim inary experim ents w ere carried out on zircon and rutile (N elson , subm itted), w hich  

both b elon g  to the tetrahedral crystal system . Later, a sin g le  euhedral crystal o f  elbaite 

tourm aline w as exam in ed  (M .J. B loom fie ld , 1st Y ear Report). Tourm aline w as chosen because  

the direction o f  the optic axes are sim ple to determ ine and therefore sim ple to position  

perpendicular or parallel to  the laser’s vibration direction. Figure 15.5 com pares the Raman 

spectra acquired w ith linear and circularly polarised  light with the crystal in orthogonal 

orientations. T he agreem ent b etw een  the spectra acquired from different crystal orientations with  

scram bled polarisation is excellen t. In contrast, w ith  linearly polarised light there are many 

spectral d ifferen ces. T he spectra acquired betw een  2 0 0  cm  1 and 9 00  cm  1 with circularly 

polarised light have been o ffse t in intensity for clarity.
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Fig. 15.5. Tourmaline Raman spectra using linear and circular polarised light.
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15.4 -  Samples

W h ile  it w as dem onstrated  that the use o f  circularly  polarised  light w as e ffec tiv e  in scram bling  

the incident and scattered en ergy  for a trigonal crysta l, the m ethod w ou ld  be required to w ork for  

m inerals b e lon g in g  to all crystal system s. C o m m o n ly  occurring m inerals b elon g in g  to the 

d ifferent system s w ere se lec ted  for further an a lyses. T he sin g le  crystal sam p les are listed  and  

im ages sh ow n  in T able 1 5 .1.

T he sam p les w ere se lec ted  from  a lim ited  co llec tio n  supp lied  by Dr. J. B . N e lso n . 

R epresentatives o f  all the crystal system s w ere id en tified , rejecting th ose that m ay b elon g  to tw o  

sy stem s or a p seu d o -sy stem . Several a ssu m ptions had to be m ade con cern in g  the nature o f  the 

sam p les used . T he crystal sy stem  o f  so m e m inerals m ay depend upon their com position . 

D ev ia tio n  from  sto ich iom etry  m ay result in a m od ifica tion  to the structure, at least loca lly . 

S im ilar ly , structural h o m o g en e ity  had to be assu m ed . S tressed  or deform ed  crystals w ou ld  not be 

appropriate to this study as their Ram an spectra m igh t be exp ected  to d iffer from  the undeform ed  

state. W ithout quantitative ch em ica l and structural an a lyses for the sam p les the on ly  m ethod  o f  

ensuring  an accurate d eterm ination  o f  the sam p les w a s, paradoxically , by using the Ram an  

spectra. S am ples w ere se lec ted  that m ost c lo s e ly  m atched  the R enish aw  Ram an database and 

ex a m p le  spectra in the literature.

15.5 -  Results

A ll an a lyses w ere carried out w ith  5 1 4  nm  ex c ita tio n  on  an RM  2 0 0 0  instrum ent. Each sam ple in 

turn w as p laced  on  the m icro sco p e  stage, gen era lly  in an orientation such that an identifiable  

feature, for exam p le, a lo n g  a x is , cou ld  be used  to  referen ce the subsequent rotation. A n a lyses  

w ere m ade in both ‘E -W ’ and ‘N -S ’ orientations w ith  linearly polarised  light and then repeated  

w ith  the quarter w a v e  p late inserted. Spectral a cq u is itio n  tim es w ere dependent upon the sam ple. 

T he spectra are d isp layed  in figu res A  15.1 to A  15.7 in the A ppendix. A  sum m ary o f  the results 

are tabulated and g iven  in T ab le 15.2.
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Mineral/
Crystal
system

Mineral/
Crystal
system

K yanite/

T riclin ic

T ourm aline/

Trigonal
5 cm 2 cm

D io p sid e/

M on oclin ic
1.5 cm

A n g lesite /

O rthorhom bic 2 cm

V esu vian ite/

T etragonal

M r  ^

6 cm

N eph eline /

H exagonal 4 cm

G arnet/Cubic

9

1 c m

Kyanite, tourmaline, diopside and vesuvianite were 
oriented by their long axes. The anglesite crystal was 
oriented relative to a cleavage plane. Two sets of 
measurements were carried out on the nepheline 
sample. The first saw the crystal rotated about the c-axis 
-  parallel to the propagation direction of the laser. 
Secondly, the crystal was positioned such that it rested 
on a prism face. In this orientation, the laser direction 
was parallel to the a(b)-axis. The garnet was rather 
small and not given a specific orientation to the laser 
(since it is cubic).

Table 15.1. Sample minerals selected and their system.
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Sam ple/crystal system Results

Kyanite/triclinic

Linear Several differences in the relative intensities o f bands between the 
EW and NS orientations. No bands missing. Notable differences in 
the band system around 950 cm'1.

Circ. Spectra are identical throughout the range analysed.

T ourmaline/trigonal

Linear Strong differences in the EW and NS spectra. Some bands are absent 
in the EW spectrum below 900 cm"1. The band system centred at 
around 1050 cm '1 is markedly different.

Circ. Spectra are identical throughout out the range.

Diopside/monoclinic Linear Spectra were identical in EW and NS orientations.
Circ. Spectra were identical in EW and NS orientations.

Anglesite/orthorhombic
Linear Spectra identical except for one weak band at 640 c m '.
Circ. Spectra identical throughout the range, although significantly 

different to those with linear light.

Vesuvianite/tetragonal
Linear Significant differences in relative intensities o f many bands.
Circ. Spectra identical (over 20 bands distinguishable) except for the 

relative intensity o f  one band.

Nepheline/hexagonal 
First orientation

Linear Spectra virtually identical throughout range (small difference in 
fluorescence)

Circ. Spectra virtually identical throughout range (small difference in 
fluorescence only)

Nepheline/hexagonal 
Second orientation

Linear Significant differences in relative intensities
Circ. Spectra almost identical. Minor differences in relative intensity of 

few weak bands.

Garnet/cubic Linear Spectra identical throughout range.
Circ. Spectra identical throughout range.

Table 15.2. Summary of circularly polarised light experiments.

15.6 -  Discussion
U sin g  the quarter w ave p late to  retard the linearly polarised  laser energy and create circularly 

polarised, scram bled light and record orientation independent Raman spectra appears to be 

su ccessfu l. T he results ind icate that in m ost ca ses  identical Raman spectra were obtained from  

crystals in tw o  nom inally  perpendicular orientations using  this m ethod. Interestingly, the spectra 

w ere far less  d ifferent usin g  linear light in each ca se  than expected . This may be explained by the 

fact that on ly  tw o  orientations w ere used and in general, these orientations were strongly related  

to  optic axes, although not n ecessarily  the principal, c -ax is. Had the experim ents been conducted  

on several truly random  orientations then several corresponding Raman spectra may have been  

derived.
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T he kyanite and tourm aline data ind icate that the ‘scram b led ’ spectra are ‘average’ spectra o f  the 

‘ex trem es’ obtained w ith linear light. T h is is m ost o b v io u s  from the tourm aline data, in F igure  

15.5. T he linear light spectra sh o w  tw o strong bands in the region 1050 cm  1 to 1100 cm  1 

separated by som e 30  c m '1. In o n e  orientation , o n e  band is detected  and in the other orientation, 

the other band is present. T he spectra from  the circu lar light m easurem ents have identical 

‘d o u b le ’ band system s. T h is e ffec t should  be in v estig a ted  w ith other, random  orientations. It m ay  

be related to the fact that th ese  sy stem s have very  little sym m etry.

A s m ight have been ex p ec ted  (L iang  et al op. c it .) , the d iop sid e Ram an spectra are unaffected  by  

orientation . S in ce  the orien tation s used  w ere stron g ly  related to the optic axes and the crystal has 

perpendicular axes o f  sym m etry , the spectra m ay ex h ib it d ifferences i f  other, o ff-a x is  

orien tations are used.

T he a n g lesite  sam p le g a v e  virtually  identical spectra for the d ifferent orientations using linearly  

polarised  light. H o w ev er , u sin g  circularly  p o lar ised  ligh t striking d ifferen ce w as noted. T he  

linear light spectra sh o w  a strong band at around 4 5 0  cm  1 w ith a w eak  shoulder. W ith circular  

light the shoulder b eco m es  an eq u a lly  strong and h ig h ly  d istinct band. T his d ifferen ce cou ld  

strongly  a ffec t the sp ec ie s  determ ination  o f  this sa m p le  w ere it to be presented  as an unknow n. 

T he su lphate fam ily  o f  m in erals can  d isp lay  e x te n s iv e  so lid  solution  that can be reflected  in 

sm all d ifferen ces  in the R am an spectra, such  as in creased  separation b etw een  tw o c lo se  bands. 

A g a in , this d ifferen ce  b etw een  the spectra co u ld  b e  related to orthorhom bic sym m etry and that 

the rotation o f  the crystal w a s in o n e  p lane through 9 0  degrees.

T he n ep h elin e  crystal w as in itia lly  oriented  such  that the laser propagation direction w as oriented  

parallel to the c -a x is . T he spectra w ere d eterm ined  to b e a lm ost identical in the orientation  

rotations around the c -a x is  w h en  linear ligh t w as used . W hen the crystal w as re-oriented such  

that the laser w as perpend icu lar to  the c -a x is  the linear light spectra sh ow  several d ifferences. 

F igure 15.6 ind icates the tw o  orien tations o f  the n ep h e lin e  crystal described.
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Laser propagation 
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Fig. 15.6. Orientations of the nepheline crystal used for experiments.

T he tw o  sets o f  data h igh light the im portance o f  the orientation o f  the principal optic axis relative 

to the propagation d irection, and therefore, the electric  field , o f  the incident laser. W ith the laser 

propagation direction parallel to the a- (b-) ax is , the linear light spectra provide an exam ple o f  

how  a relatively broad band com prised  o f  tw o c lo se , unresolved bands is observed when  

circularly polarised light is used  but when linearly polarised  light is used, the band is resolved  

into tw o bands w hen d ifferent crystal orientations are used. One can im agine that if  linear light 

on ly  w as used to analyse this sam ple, the spectra m ay be interpreted incorrectly.

T he results indicate that the orientation o f  the c -a x is  relative to the direction o f  propagation o f  

the laser, i.e. the electric fie ld  orientation, appears to be very important, as the nepheline exam ple  

sh ow s. In this study relatively  large sam ples w ere used  and it w ould be o f  interest to repeat with  

‘gra in -sized ’ sam ples w here the external m orph ology  and cleavage w ere less apparent.

T he use o f  a quarter w ave plate m ay also have im p lications for polarisation studies o f  minerals. 

A s previously  d iscu ssed , polarisation studies essen tia lly  invo lve the ratio o f  the intensity o f  a 

band with polarisation parallel and perpendicular to the incident beam. H ow ever, polarisation  

leakage can occur, w h ich  can lead to inaccurate m easurem ents o f  the depolarisation ratio. In 

addition, the use o f  h igh N A  ob jectives can cau se depolarisation  o f  the Raman scattered light. It
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m ay be that by scram bling  the Ram an signa l and then p assin g  the signal through the polariser  

m ight be a m ore e ffic ien t w ay o f  d eterm in ing  the polarisation  o f  bands.

T he circular polarisation  stu d ies w ere o n ly  carried out w ith 5 1 4  nm laser. H echt & Zajac (1 9 7 4 )  

state that com m ercia l w a v e  p lates are g en era lly  d esign ated  by their linear retardation, i.e. on e  

quarter o f  a sp ec ific  w a v e len g th  (± 2 0  nm ). T he e llip t ic ity  indicated from  figures 15.3 and 15.4  

(and w h ich  w as m arked w ith  6 3 3  nm  ex c ita tio n ) o f  the polarisation, as m easured w ith the p ow er  

m eter, co u ld  be ascribed  to th is. T he Ram an spectral results su ggest that the ‘circularity’ 

a ch iev ed  w ith  the green ex c ita tio n  w as adequate. A lth ou gh  the L eica  quarter w ave plate is 

‘calibrated  for the v is ib le  r e g io n ’ o f  the spectrum  it is certain ly  better in the green portion o f  the 

spectrum  than the red. P urely  circu larly  polarised  ligh t m ay have resulted in even  closer  m atches  

o f  the spectra recorded at d ifferen t crystal orien tation s.

T he e ffec ts  o f  the grating e f f ic ie n c y  have not b een  taken into account. T he datasheet supplied  by 

the grating m anufacturer in d ica tes that the grating appears to be far m ore e ffic ien t in the red than 

the green . It w ou ld  be u sefu l to obtain  a ‘red ’ quarter w a v e  plate and repeat the experim ents.

T he potential e ffec t o f  refraction  and b irefr in gen ce has not been con sidered . Intense, 

m on och rom atic ligh t in c id en t on  an isotrop ic sa m p le  surface w ill be refracted into the sam ple by  

a greater or lesser  am ount. Scattered  Ram an en ergy  co u ld  thus be a ffected  by increased  

ex c ita tio n  a lon g  ‘p referred’ a x es . T he p osition  o f  the quarter w a v e  p late in the co llec tion  path  

m ay m itigate or ev en  n eg a te  th is e ffec t. It is p o ss ib le  that the e ffec t m ay be increased in 

polarisation  stud ies o f  orien ted  crysta ls. T o  reduce any potential e ffec ts  o f  refraction the spot 

co u ld  be m ade m ore co n fo c a l or o il im m ersion  m eth od  cou ld  be used. T he u se o f  a shorter 

ex c ita tio n  w a v e len g th  for reduced  surface p enetration  w ou ld  require a m atched quarter w ave  

plate.

1 5 .7 - Conclusion

Ram an spectra acquired  u sin g  p o lar isa tion -scram b led  light w ith Dr. N e lso n  from  tetragonal 

crysta ls ind icated  that the tech n iq u e w as su cce ssfu l for m inerals crysta llisin g  in that system .
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Later exp erim en ts w ith  tourm aline, a trigonal m ineral, w ere a lso  su ccessfu l and prompted the  

further study described.

S o m e ex a m p les  o f  the crystal or ien ta tion -d ep en d en ce  o f  the Raman spectra o f  crystals have been  

sh ow n . M inerals representing the sev en  crystal sy stem s have been used  to sh ow  that the p osition  

o f  the op tic  axes relative to  the p olarisation  o f  the linearly  polarised laser can have a marked  

e ffec t on the relative in ten sities o f  so m e Ram an bands. In extrem e ca ses , bands m ay not appear 

to be present. T his co u ld  p oten tia lly  lead to the incorrect an alysis o f  Ram an spectra w here the  

freq uency  o f  certain bands has a bearing on the m easured  stress in that crystal, for exam ple. T he 

use o f  an accesso ry  quarter w a v e  plate has been  dem onstrated  to introduce a retardation o f  the 

en ergy , that w hen co m b in ed  w ith  a sp ec ific  orien tation  o f  the accessory  plate, can interfere to 

produce circularly  p o larised  light. T he ex a m p les  g iv en  indicate that the use o f  scram bled ligh t is 

e f fe c tiv e  in recording orien tation -in d ep en dent R am an spectra from  crystals. U n less polarised  

data is required, the quarter w a v e  plate a ccesso ry , i.e . circularly  polarised  light, should  a lw ays be 

u sed  w hen  recording m ineral R am an spectra. T h is co n c lu s io n  is in agreem ent w ith N elson  

(su b m itted ), w h ich  w as b ased  upon the an a lysis  o f  tw o  sp ec ie s  from a s in g le  crystal system .

T he fin d in gs o f  this study appear to be the o n ly  sy stem a tic  study o f  the Ram an response o f  

m inerals from  all sev en  crysta l sy stem s w hen  su b jected  to circularly p olarised  light. There are 

im portant im p lica tio n s for R am an databases and the q ualita tive determ ination  o f  sam ples; not 

o n ly  for m inerals, but for other crysta llin e  m aterials. T h e study h igh ligh ts the im portance o f  

record ing spectra from  severa l crysta l orien tations for reference sam p les and also for unknow n  

sam p les.

T he e ffec t o f  a s lig h t d ecrea se  in laser p ow er sh o u ld  b e  borne in m ind, as should  the w avelength  

d ep en d en ce  o f  the a ccesso ry  p late. W here p o ss ib le , the accessory  plate should  be optim ised  for 

the ex c ita tio n  w a v e len g th  used .

15.8 -  Further work

T he current w ork has underlined  the im portance o f  the orientation o f  the principal optic axes  

w h en  record ing R am an spectra. It w ou ld  be in v a lu a b le  to further exp lore the potential o f  using
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circu larly  polarised  light to record orien tation -in d ep en dent Raman spectra by repeating the 

exp erim en ts usin g  several random  orientations.
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16 -  Automated mineral discrimination
T he third section  that co v ers  tech n iq ue d ev e lo p m en t describes the design  and m anufacture o f  

a sam p le holder sp ec ifica lly  for m inute grain separates. T he intended u se o f  the holder is for 

the autom ated d iscrim in ation  o f  grains that w ou ld  be used for geoch ron ology .

16.1 - Introduction

D ating rocks and m inerals u sin g  rad iogen ic iso to p es  has a very im portant p lace in the m odern  

study o f  g eo lo g y . U sin g  the relative proportions o f  particular e lem en ts and k now ledge o f  their 

d eca y  sch em es it is p o ss ib le , in m any ca se s , to  d e fin e  the age at w h ich  an event (e.g. 

form ation , m etam orphic ev en t, vo lcan ic  eruption) occurred  w ith so m e accuracy and p recision . 

T he error m argin very stron g ly  d epends up the d eca y  sch em e used, w h ich  is largely controlled  

by the m inerals present in the rock.

T he ava ilab ility  o f  h ig h ly  sen s itiv e  analytical instrum ents is increasing as the co st o f  

tech n o lo g y  d ecreases. A t the sam e tim e, n ew  m eth od s are d ev ised  and o ld  m ethods adapted. 

T he ab ility  to carry out d eta iled  and accurate ch em ica l analyses is now  w ithin  the realm s o f  

alm ost all research sc ien tists .

W h ilst there is still so m e  w a y  to g o  b efore R am an sp ectroscop y  can be used  to provide  

q uantitative data it can  b e u sed  to e ffic ien tly  d iscrim in ate  betw een  separated grains o f  sim ilar  

p h ysica l properties u sed  for ch em ica l an a lysis.

16.2 - Decay schemes

T he co m m o n  d eca y  sch em es  u sed  in the study o f  rocks are sum m arised in Table 1 6 .1. T hese  

m inerals are pred om in antly  u sed  to date ig n eo u s and m etam orphic events although by relative 

dating m any are u sed  to  date sed im entary  rocks and p rocesses. For the study o f  single  crystals 

the analytical m ethod  w ill b e o n e  o f  tw o  types: a ‘se lec ted  area’ m icroanalysis for exam ple  

L A -IC P -M S  w here o n ly  m in ute reg ion s o f  the crysta l are vo la tilised , or on e in w hich the 

entire crystal is d estroyed , u su a lly  by therm al ion isa tion  or by d isso lu tion  in acid. T hese are 

the ‘w h o le  gra in ’ m ethods.
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16.3 -  Physical properties

T he co llec tio n  o f  m ineral separates su itab le for a n a ly sis  using on e o f  the decay schem es  

ou tlin ed  in T able 1 6 .1 in v o lv e s  a h igh d egree o f  preparation. A fter the sam ple is crushed it is 

s iev ed  to retain that entire fraction that fa lls , ty p ica lly , betw een  2 5 0  and 5 0 0  m icrom eters or 

5 0 0  and 1000 m icrom eters. T h is s iz e  fraction  is then purified w ith respect to the desired  

m ineral sp ec ies . T his p rocess usually  ex p lo its  p h ysica l property d ifferen ces betw een m inerals. 

A  range o f  m ethods is applied  although  all are so m ew h a t inefficien t and fa llib le. Table 16.2  

sum m arises the co m m o n  m eth ods and so m e o f  their lim itations.

Isotope schem e C om m on m inerals used

U /T h-P b u ran in ite , thorianite, zircon, thorite, a llanite, m onazite, apatite, 
x en o tim e , sphene.

K /A r sanid ine, anorthoclase, plagioclase, leu cite , nep helin e, biotite, 
phlogopite, m uscovite, lep id o lite , g lauconite, hornb lende (5 5 ), 
p y ro x en es, sy lv ite , lan gb ein ite .

S m /N d b astn aesite , m onazite, cerite , apatite, zircon, allanite, feldspars, 
b iotite .

A r/A r as K /A r
R b/Sr m icas, k-feldspar, sy lv ite , carnalite, certain c la y  m inerals, apatite, 

p la g io c la se , CaCC>3 .
L u /H f ap a tite , m onazite, ga rn e t, (b iotite , m onazite, xen otim e, euxen ite, 

sam arsk ite, allanite, g a d o lin ite , p lag ioc lase , am phibole, pyroxene, 
o liv in e , zircon)

R e/O s osm irid iu m , laurite, su lp h id es o f  M o and Cu, gad olin ite , 
co lu m b ite , tantalite.

K /C a as R b /Sr
F issio n  track apatite, sphene, z ircon , m u sco v ite , ep idote, v o lca n ic  glass.
Table 16.1. Summary o f m inerals frequently used for isotopic dating. M inerals that appear in bold are 
those most commonly used in each case. After Faure (1986).

16.4 -  Raman spectroscopy

In contrast to the m eth od s very  b riefly  listed  in T ab le  16.2 Raman sp ectroscop y  is w id ely  

ack n o w led g ed  as an e f fe c t iv e  m ethod  o f  d iscrim in atin g  betw een  m inerals sp ecies. The  

characteristic Ram an scatterin g  spectrum  recorded  for a sam ple is u sually  referred to a 

database o f  m ineral spectra or the literature. T he an a ly sis  m ethod is rapid and defined  by  

m any as u nam biguous.
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T echnique D raw backs

D en sity  contrast using  
h eavy  liqu ids

•  Is o n ly  e f fe c t iv e  i f  A density betw een  the sp ecies is 
sig n ifica n tly  large

•  Is in e ffic ien t w h en  m inerals b e lon g in g  to a solid  solution  
are presented  or th ose  conta in ing  sign ificant am ounts o f  
im purities or in c lu sio n s

D en sity  contrast usin g  
centrifuge

•  F ew , iso la ted  fa c ilitie s
•  E x p en siv e
•  In effic ien t

M agn etic  su scep tib ility •  Can o n ly  be u sed  for those m inerals that are Fe-bearing
•  Is in e ffic ien t i f  the assem b lage con ta in s more than on e  

F e-bearing m ineral or if  the Fe con tent is low
Hand p ick in g  and sorting •  R equires sig n ifica n t exp erience. E ven  w ith considerable  

k n o w led g e  so m e  m inerals are very hard to d istinguish  
b etw een  on the b asis  o f  m orph ology  (w h ich  m ay be lo st), 
and features in c lu d in g  colour, c lea v a g e  and tw inning. It 
can be a very in e ffic ien t m ethod.

•  T im e co n su m in g
Table 16.2. Common methods o f separating minerals on the basis o f physical properties, and their 
drawbacks.

Sample holder

A n a ly s is  by m icroR am an sp ectroscop y  u sually  requires the specim en  (s in g le  crystal, sm all 

hand sp ecim en , thin sec tio n  or pow der) to b e p laced  on the stage o f  a m icroscop e cou p led  to 

the instrum ent h ou sin g  the spectrom eter and fo c u se d  upon using the con ven tion al m icroscop e  

op tics. W ith  the laser en g a g ed  an alysis is a ch iev ed  typ ica lly  in secon d s although this is h igh ly  

sam p le-d ep en d en t. R eg io n s  as sm all as 1 m icrom eter  across (e .g . B a ld w in  et al 20 0 1 ) can be  

analysed .

M icroR am an sp ectro sco p y  appears to o ffer  the ab ility  to rem ove the inaccuracy and 

am b igu ity  inherent in the traditional m eth ods that ex p lo it the physical d ifferen ces betw een  

m ineral sp ec ies . H o w ev er , lo a d in g  each  s in g le  grain  by forceps to the m icroscop e stage is a 

d elica te  and tim e-co n su m in g  process. T he idea that the process cou ld  largely be autom ated  

arose after co n sid er in g  the poin t-m ap pin g tech n iq u e already used in m icroRam an  

sp ectroscop y .

T he d esign  o f  a sp ec ia lised  sam p le holder n eed ed  to  fu lfil certain specifications:

•  fit into the ex is tin g  aperture in the m otorised  sta g e  w ith  no lateral m ovem ent
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•  be lightw eight, yet durable and easy  to m ake

•  hold a large num ber o f  grains in precise loca tion s

A n alum inium  sheet 75m m  x 50m m  x 5m m  w as prepared with a regular array o f  126 ‘c e lls ’ 

drilled into the surface at 5 m m  intervals. Each ce ll has a diameter o f  1000 micrometers and a 

cylindrical depth o f  1000 m icrom eters and term inating in a steep cone. A  C NC machine w as  

used for precision  drilling. Figure 16.1 sh ow s the technical drawing supplied to the CNC - 

program m er and Figure 16.2 sh ow s the com p leted  test m odel.

50mm 5mm ► <

E
E

LO

▲ cno o o o o o o o o :>
o o o o o o o o o 3 :>
o o o o o o o o o :>
o o o o o o o o o >
o o o o o o o o o :>
o o o o o o o o o :>
o o o o o o o o o :>
o o o o o o o o o :>
o o o o o o o o o :>
o o o o o o o o o >
o o o o o o o o o 3
o o o o o o o o o :>
o o o o o o o o o :>

▼
o o o o o o o o o 3

< >
5 m m

Figure 16.1. Technical drawing of the design submitted for the manufacture 
of a prototype sample holder.

Fig. 16.2. Photograph of the prototype aluminium sample holder.
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Analytical procedure

S am p le grains w ou ld  be loaded  in d iv id u a lly  into the drilled ce lls  in the plate using very fine  

forcep s, or by pouring grains on to  the p late and u sin g  a gentle vibrating table to settle them  in 

the c e lls . T he con ica l shape w as used  in an attem pt to ensure that the crystal is located  

centrally  w ith in  the ce ll. It is en v isa g ed  that a standard 50x  dry m etallurgical objective be 

used  for the an a lysis . T h is is the ob jectiv e  routinely  used  for analysis o f  a w ide variety o f  

su bstan ces in m icroR am an sp ectroscop y . O il im m ersion  ob jectives have a lso  been show n to 

p rovide h igh quality  spectra w ith  the sam p le under o il. G rains used  for geoch ron o logy  are 

u su ally  hand-p icked  under o il so  that they are not a ffected  by electrostatic forces and can be 

p o sitio n ed  w h erever the an alyst requires. It is p o ss ib le  that the grains cou ld  be loaded into the 

sam p le p late and a n a lysed  in a droplet o f  o il p laced  in the pit. T he p late is m ounted on a Prior 

m otorised  stage o f  a L eica  D M L M  m icroscop e and controlled  using R en ish aw  encoders. 

P recise  m ovem en t b etw een  su c c e ss iv e  pits is a ch iev ed  w ith  an error o f  <0.1 m icrom eters. 

E xcita tion  u sin g  a 5 1 4  nm  laser is w id e ly  regarded as the best ‘all p u rp ose’ w avelength  for the 

gen eration  o f  m ineral R am an spectra. A  slit w idth  o f  5 0  m icrom eters perm its good  spectral 

reso lu tion  and g o o d  throughput o f  signal.

16.5 -  Software/Graphical User Interface

T he fo llo w in g  is a d isc u ss io n  o f  w hat the so ftw are interface m ight include for an autom ated  

m ineral d iscrim in ation . A n  im p ression  o f  the graphic user interface is sh ow n  in Figure 16.3. 

T he so ftw are in terface is u sed  to d efin e the b asic  acqu isition  o f  Ram an spectra and let the user 

d ec id e  w h ich  m eth od  w ill b e used.

W ith  referen ce to F igu re 16.3:

Acquisition

T he b a sic  param eters o f  ex c ita tio n  w ave len gth  se lec tio n , grating se lec tio n , exposure tim e and 

a ccu m u la tion s are co n tro lled  from  dropdow ns. D w e ll tim e has been added for those instances  

w here p h o to -b lea ch in g  im p roves the co llec tio n  o f  data.

Auto options

B y se lec tin g  a va lu e from  the dropdow n the user can d efin e the m inim um  acceptable value o f  

signal to n o ise  ratio for each  m ineral. E ssen tia lly , the softw are w ou ld  ca lcu late the rms o f  the
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background n o ise  and com pare th is to the in ten sity  o f  the strongest band. A ccum ulations  

w ou ld  be co-ad d ed  until the sp ec ified  va lue w as reached.

S in ce  there m ay be so m e variation in the h eight o f  the grains, an ‘A u to fo cu s’ option cou ld  be  

added. T h is function  w ou ld  u se the s ize  o f  the spot o f  reflected  laser light fa lling on the v id eo  

cam era; in the sam e w ay  that R enish aw  W iR E ™  1.3 softw are currently ach ieves  

a u to focu sin g .

A lth ou gh  not part o f  the prototype separates holder, sm all p ieces o f  S i w afer perhaps 2 m m  by  

2 m m , cou ld  be attached at the corners o f  the sam p le holder as a m eans o f  providing a quick  

calibration  standard. If the ‘S i ca lib ration ’ op tion  w ere selected , then the entire experim ent 

w ou ld  b egin  (and en d ) w ith  an an alysis o f  the w afer. T he position  o f  the strong Si Raman  

band w ou ld  au tom atica lly  b e cu rve-fitted  by  the softw are and an au to -o ffset o f  the grating 

ap plied  i f  required.

T he grid b e lo w  the ‘A c q u is it io n ’ and ‘A u to  o p tio n s ’ dropdow ns is a representation o f  the 

sam p le  holder. B y  d ra g g in g  and dropping the red rectangle with the com puter m ouse, on ly  

that reg ion  o f  the h o ld er w o u ld  be included  in the experim ent; poten tia lly  saving  tim e by not 

an a lysin g  vacant c e lls .

Select discrimination method

O ptions are su g g ested  here w h ere the user can d efin e  the type o f  experim ent he w ish es to 

perform .

If ‘D e ca y  sc h e m e ’ is se lec ted , the dropdow n b eco m es  active and the range o f  schem es  

o u tlin ed  in T ab le 16.1 b e c o m e s  availab le. T he so ftw are correlates this se lection  with a list o f  

m inerals that co u ld  be u sed  in such  analyses. C urves w ou ld  be fitted to the bands o f  the 

sam p le  spectra and com p ared  w ith  those determ ined  for the reference sp ecies. M ore 

sp ec ifica lly , the ‘S e le c t  m in era ls’ option  a ctiv es  a dropdow n list o f  m inerals from w hich  the 

user can se lec t o n e  or a num ber. T his se lec ts  the region  o f  the spectrum  in w hich  the softw are  

‘lo o k s ’ for the ch aracteristic  peak o f  that sp ec ie s . For exam ple, to d istinguish  betw een  zircon  

and rutile the region  b etw een  9 0 0  cm  1 and 1200  cm  1 m ight be se lected  (see  Figures. 16.4 and 

16.5 for rep resen ta tive  spectra  o f  zircon and rutile, resp ectively ). B y o n ly  analysing a portion  

o f  the spectrum  a n a ly s is  tim e  can be reduced, ev en  w hen  m ultiple scans are required to
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im prove signal strength. T he param eters o f  the a n a lysis  cou ld  be op tim ised  for that sp ec ies

i.e. re la tively  poorer Ram an scatterers m ay require several accum ulations and therm ally- 

sen sitiv e  m inerals m ay dem and le ss  laser p ow er intensity . S electing  the desired mineral cou ld  

au tom atica lly  en g a g e  and override the exp erim en ta l parameters. T o avoid  fluorescence, it 

cou ld  even  be p o ssib le  to ch an ge the exc ita tion  w ave len gth  autom atically  w hen a mineral 

sp ec ie s  know n to respond m ore favourably to certain  w avelength  is se lec ted  from  the m enu. 

A s an ex ten sio n  from  se lec tin g  the m ineral sp ec ie s  to be identified , the option  to ‘Identify  

m in era ls’ is added. T he so ftw are w ill try to m atch the spectrum  acquired from each ce ll to 

th ose o f  the database.

Precision

T he user w ou ld  have the op tion  to d ecid e  w h ether band position  and/or the FW H M  o f  the 

characteristic band(s) w o u ld  be u sed  to determ ine the quality o f  the m atch w ith the reference. 

D ropd ow n  lists  co u ld  be u sed  to that the user can d ec id e  how  c lo se  to the reference is 

accep tab le as a go o d , fair, or poor m atch. A  ‘traffic lig h t’ system  o f  green , am ber and red 

w ou ld  s ig n ify  the quality  o f  the m atch.

If there is m ore than o n e  referen ce database o f  referen ce spectra, then the option  to se lec t  

w h ich  is used  is provided . For exam p le , i f  other m icroR am an studies h ave been perform ed on  

m inerals from  rocks o f  the sam e su ite  and the spectra saved  in a database form at, then this 

cou ld  be used  and m ay g iv e  better m atches than a general database. V ariations in com p osition  

m ay e x is t  such  that the general database c la s s if ie s  g o o d  m atches as fair.

Displaying results

W ith  the exp erim en t d efin ed , the program  can b e in itiated. The sam ple stage w ould  m ove to 

the first se lec ted  pit and perform  the an alysis under the criteria set. T he u se o f  an encoded  

stage w ou ld  m ake the m o v em en t b etw een  each  pit precise. To test this, the prototype holder  

w as loaded  on to  the stage and the crosshairs a lign ed  w ith the centre o f  a ce ll. T he V id eo  

V iew er  w in d o w  o f  the e x is tin g  W iR E ™  softw are a llo w s the user to com m and the stage to 

m o v e a set num ber o f  m icrom eters. A  value o f  5 0 0 0  w as inserted in the ‘X ’ w in dow  and the 

stage m o v ed  rep eated ly  w ith  high  precision  to the next and subsequent ce lls .
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Fig. 16.4. Raman spectrum recorded for zircon.
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Fig. 16.5. Raman spectrum recorded for rutile.

Upon completing the program, the results should be displayed so that the user can clearly 

identify which matches are the best (green), which should be analysed further (amber) and 

which should be discarded (red). The active display screen should depict the holder, as in 

Figure 16.3, with green, amber and red circles, depending on the match. It should be possible 

for the user to use the computer mouse to call up the spectrum from any cell into another 

window to visually assess the data.

Once the plate is removed the desired ‘green’ grains can be removed using a suitable suction- 

type pipette or fine tweezers and separated from the deleterious or unwanted ‘red’ grains. 

‘Amber’ grains could be further investigated individually.
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16.6 - Conclusion

MicroRaman spectroscopy offers a rapid, non-destructive means of discriminating between 

different species of minerals that have otherwise very similar physical properties. Compared 

to traditional methods of sorting a separated crystal size fraction, an automated technique 

using Raman spectroscopy would have the advantages of high efficiency, speed and little 

requirement of the user for knowledge of crystal morphology and other factors that lead to 

ambiguity in discrimination.
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Chapter 6 -  Conclusions and further work

Section 17 attempts to draw together and summarise the findings of this research project 

in to the applicability and usefulness of microRaman spectroscopy applied to aspects of 

Earth science materials.

Some suggestions are made for further study; however, the preceding sections in chapters 

2, 3, 4 and 5 provide greater detail.
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17 -  Conclusions and further work

17.1 Introduction

Section 4 of this work identified that the aims of this research were to ‘...apply microRaman 

spectroscopy to a variety o f materials o f interest to the mineralogist, petrologist or 

crystallographer and to assess the applicability and usefulness o f the technique in the context o f 

the analytical instrumentation widely used in the Earth sciences'.

It was noted that the application potential of the technique in this field was vast. To date, the 

scope of published studies that have used Raman spectroscopy in the Earth sciences is dominated 

by mineral identification and characterisation, the investigation of crystal structure and of fluid 

inclusion analysis. In the latter, it has proved to be a potent device. To this end, a series of case 

studies were defined; some were rejected at an early stage, others evolved during the course of 

the investigation. The focus was on mineral identification, the structural study of minerals and of 

applying the techniques of Raman mapping and global Raman imaging to mineralogical samples. 

Some of the case studies drew on more than one of these key elements. Each study has been 

discussed and concluded independently. Whilst attempting to avoid excessive repetition, it serves 

to draw together the conclusions within the framework of the project as set out in section 4.

17.2 - Chapters 2, 3 4 and 5

The ability to identify minerals from their Raman spectra has long been recognised. Central to 

this is the ability to construct databases of reference spectra. The starting point, then, in this 

investigation, was to assess the existing Renishaw database of mineral spectra. Section 5 

describes the removal of some data and the extensive editing and addition of important 

information including the general formula, group or family name, the rock associations and 

related minerals for all entries. Whilst the database has a large number of spectra, the confidence 

the user has in its use would be enhanced by greater numbers of spectra from the same samples 

and from samples of the same mineral from different provenance. This should help to match 

unknown samples where deviations from stoichiometry that can arise regionally or locally affect
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the Raman spectra of that mineral. The addition of well-characterised minerals that form solid 

solution series’ would also be beneficial.

Some suggestions were made for further, specific databases. These included the construction of 

compilations of spectra from minerals from economic deposits, industrial minerals, 

environmental mineralogy and from igneous, volcanogenic and metamorphic settings. The key to 

an accurate and useful database is the acquisition of well-characterised samples, preferably with 

supporting EMPA and XRD data, and a rigorous approach to the collection of spectra. From the 

section dealing with technique development an important stipulation is that a quarter wave plate 

be used so that the spectra (unknown sample and reference samples) are orientation-independent.

Section 6 describes the application of the technique to mineral identification. In this case, the 

technique was directed towards the analysis of a suspected coesite inclusion in eclogite from NW 

Scotland. In what might have proved to be an almost routine polymorph identification, the 

analytical results had implications for the petrogenetic history of the rock and also for published 

accounts where there may be some doubt over the identity of mineral species based upon 

petrography alone.

Minerals were identified in other samples during this research. In each case, the analysis was 

significantly more straightforward than had existing methods been used. Section 7 includes the 

identification of zircon, monazite and apatite micro-inclusions within biotite grains. Furthermore, 

Raman spectroscopy was shown to be more sensitive to the mineral constitution than XRD by 

detecting unambiguously, the presence of dolomite and minute amounts of pyrite and rutile in 

discoloured marble in section 11. The analysis was very rapid and performed non-destructively 

on a hand specimen.

Section 12 describes the use of the technique in a preliminary investigation of bricks. Minerals 

were identified from thin sections. This study, in particular, highlighted some of the limitations 

of the technique. Excessive fluorescence masked Raman bands in many analyses; in some cases 

this fluorescence was the result of the absorbtion of the laser energy with concomitant sample
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damage, albeit, on a very localised scale. In addition, the very fine particle sizes present in the 

sample made it difficult to acquire good spectra.

There are many examples in the literature that have used Raman spectroscopy, and the 

complementary technique o f infrared spectroscopy, to determine aspects o f atomic structure 

o f minerals and other crystals. The case studies presented in this work focused on using changes 

in the Raman spectra to comment upon structural change. In this context, the aim was to assess 

the applicability o f the technique over XRD, which also permits the analysis o f crystal structure. 

Section 7 describes the how use of microRaman spectroscopy, in isolation, was effective in 

probing the crystal structure o f radiohaloes in biotite. Line mapping, i.e. translating the sample 

beneath the microscope objective in one direction, such that point spectra can be taken at regular, 

intervals, was very effective in establishing the extent o f the structural damage. The conclusion 

that significant damage had been caused to the local biotite structure as a result o f the recoil o f 

nuclei after the emission o f a-particles echoed another published study, although the 

mechanisms differed. Crucially, the other group o f  researchers identified microRaman 

spectroscopy as a key element in their approach.

A suite o f cubic zirconias, doped with trivalent ions to transform their colour, was analysed and 

results discussed in section 8. The frequency o f the strong F2g band that arises from the 

symmetric stretching o f the O— Zr— O bond may be correlated with a change in the dopant ion; 

the loose association was based on too few data points to be confirmed. Other conclusions drawn 

from the data were that regions o f monoclinic zirconia might exist as discrete regions within the 

cubic structure and result from the local decrease in coordination around defects caused by 

doping. The technique is probably too insensitive for studying colour mechanisms, however, 

laser-excited photoluminescence can be recorded using the same instrumentation and may 

provide a more sensitive method.

Further crystal structure investigations using Raman spectroscopy were performed on zircon 

grains. Comprehensive reviews o f radiometric dating, metamictisation and the loss of Pb in 

zircons were provided as background to underline the need for a simple and reliable technique 

for distinguishing poorly crystalline grains, and regions within grains, from well-crystalline
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material. Zircons adversely affected by self-irradiation are well-studied and microRaman 

spectroscopy has proved invaluable in this research. The studies described in section 9 exploit 

the different analytical functions that the Renishaw instrument offers. There are no other known 

instances where depth profiling, line focus mapping and global Raman imaging have been 

applied to zircons. All proved to be effective in distinguishing regions of differing crystallinity.

There are many established analytical techniques available to research scientists. Often, a 

significant amount of their use is for research into materials of an industrial nature. Whilst some 

of this is purely of academic interest, much is in the direct application of a technique to solve a 

particular industrial problem. Chapter 4 hoped to make use of the different analytical methods 

available using Raman spectroscopy in the study of materials of an industrial nature where other 

techniques might not be applicable. Sections 10, 11, 12 and 13 indicate that there is great scope 

for using this technique in the industrial sphere; a sector of the analytical market that is probably 

largely unaware of the technique’s existence.

Although proven to be an effective means of analysing stress in many crystalline materials, the 

application of microRaman spectroscopy, using a line-mapping approach, to undulose quartz 

proved inconclusive. This was explained in section 10 either by the ease by which quartz re

equilibrates or by the mechanism by which quartz physically deforms.

Section 11 was concerned with the investigation of stained marble dimension stone. Analysis 

was principally concerned with identifying the discolouring agent’s identity. The sample 

represented an example of where microRaman spectroscopy could assist in solving a real world 

problem. As detailed above, it proved trivial to identify minerals present in the sample that XRD 

could not detect. Furthermore, spectral features appeared to provide evidence of hematite, a 

known oxidation product of pyrite, also identified in the sample. Other significant Raman bands 

were tentatively ascribed to a sulphate species that could be accounted for by the action of 

sulphurous acids; either atmospheric in origin or as a cleaning product. Research into this 

problem was carried out in the laboratory, however, it is clear to see the potential that a truly 

field-based tool would have in a similar situation.
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The analysis of the limestones rich in organic matter was originally perceived as an assessment 

of the global Raman imaging technique. The stylolite-like distribution of organic matter was 

selected to serve as a useful example whereby the Raman images could be easily correlated with 

the optical images. However, the bituminous matter proved not to be a good candidate for 

imaging due to the very large bandwidths of its Raman bands. Examples were also shown of the 

effect of flat-field correcting the data and the conclusion is that it should always be applied.

A common aim of studies into brick-making is to achieve bricks of the desired physical 

properties (strength, durability) but in a more thermally-efficient manner. Key to this is 

identifying the various phase transformations that occur during the firing process. As explained 

above, this study highlighted the few limitations of the technique applied. However, there is still 

great scope for research in this area and with this technique.

During the course of the current work there arose opportunities to develop the analytical method 

to solve issues in the analysis of minerals. Chapter 5 details these problems and solutions 

proposed. A macrochamber was designed and built to facilitate the Raman analysis of gemstones 

when using the fibre-coupled probe-head. The design was successfully demonstrated in public 

and at other occasions. The use of a polarisation scrambler was examined in section 15. The 

author wishes to acknowledge Dr. J.B. Nelson for the original suggestion that the effect be 

investigated further after initial analyses of tetragonal crystals. The section was concluded with 

the suggestion that scrambled light should always be used in the assessment o f unknown 

minerals. A sample holder for sub 500 micrometer-sized mineral separate grains akin to a well- 

plate used in chemical research is described in section 16. The purpose is to speed up the process 

whereby grains of this type, separated for use in dating schemes, can be unambiguously 

identified using microRaman spectroscopy. Although designed and manufactured and 

suggestions made for the graphical user interface discussed, the sample holder has not been used.

17.3 -  Summary of conclusions

The current work tries to assess the applicability and usefulness of microRaman spectroscopy to 

materials of a mineralogical nature. Because this area of the Earth sciences is so great, the
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samples used have been wide-ranging. It is hoped that the approach taken has demonstrated the 

key features and methods of analysis available when using the instrumentation described.

The use of databases of reference mineral spectra has been identified as crucial in the use of the 

technique. MicroRaman spectroscopy has been shown to provide a much more sensitive means 

o f identifying minerals than XRD, currently one o f the favoured approaches. Databases need to 

be extensive, from well-characterised materials and rigorously analysed. A diverse range of 

materials in different formats was used to demonstrate the effectiveness of the technique as a 

mineral discrimination tool. Critically, samples can be presented as thin sections, hand 

specimens, powders, or even in solution, although this was not demonstrated. Analysis is non

destructive, permitting the subsequent re-analysis by the same or other techniques. The 

limitations are generally of highly fluorescing materials and possible ambiguity arising from 

almost identical spectra.

Raman mapping has been demonstrated with line-, area-, depth- and line focus-mapping 

approaches on different samples. Using the mapping function, microRaman spectroscopy has 

been shown to be an excellent tool permitting the spatial analysis of structure, and in some cases 

composition by inference, o f mineral samples. The acquisition of some map data can be time 

consuming -  a problem exacerbated by the low Raman scattering potential of many minerals. It 

is very important that the correct wavelength is selected and the effects of refraction often 

require that confocal analyses be performed. No other technique, except perhaps some IR-based 

methods (where spectral resolution is at best around 10 micrometers), appears to offer the ability 

to collect structural information on the micro-scale from minerals in situ. This is of fundamental 

importance since it preserves the spatial relationships present.

The number of published accounts of the use of Raman imaging is low. The function is only 

available on Renishaw microprobes, which accounts for this. The studies described in this 

research demonstrate that the potential for using the method in the study of minerals is high. 

There are many instances where mapping is not applicable. The limitations are that for 

successful images to be acquired, the species of interest must be a rather strong Raman scatterer 

and possess relatively sharp bands well removed in the spectrum from those of the matrix. The
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size of the species needs to be on a micrometer-scale and the distribution needs to be within an 

area usually less than 200 micrometers in diameter. Images were shown from organic-rich 

limestones, pyrite in quartz and, perhaps best, from zircon grains. In each of these cases, 

however, the imaged species could have been observed with the microscope or identified using 

the Raman ‘spot’ analysis. Perhaps the most powerful application of this technique is where the 

species of interest is optically indistinguishable from the host or surrounding material.

This study finds that microRaman spectroscopy is highly applicable to the study of minerals and 

materials of interest to the Earth scientist. Its usefulness lies in the diversity of analytical 

approach ( ‘spot’ analyses, different means of mapping and imaging) and in the type of 

information that can be acquired. There are few limitations and those that exist can often be 

surmounted. The technique has much to offer the study of minerals and could become a routine 

tool in Earth science laboratories.

17A -  Other general conclusions

The conclusions given above relate directly to the areas of research described. There are, 

however, several other conclusions that can be drawn from this research project, that are 

pertinent to those studying minerals.

MicroRaman spectroscopy represents a powerful tool for the mineralogist, offering a new 

direction for analysis. It is a very different type of tool to the familiar X-ray based techniques 

providing information about the structure instead of the chemistry although some inferences can 

often be made.

The technique has its limitations: it can be difficult to interpret spectra and can give ambiguous 

results. However, those used to IR data will find it more useful since the bands are sharper and 

many minerals appear to have more Raman-active modes than IR-active modes. Some samples 

are not amenable to this type o f analysis, particularly those that fluoresce. Unfortunately, its not 

always possible to predict those that will respond in this way. Fluorescence, and by the same 

token, resonance (not considered in the current work) are largely unpredictable and often the
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only way of negotiating the effects of fluorescence, the overwhelming of Raman bands, is to 

attempt analysis with an alternative laser wavelength. A consequence of this is that for a Raman 

microprobe to be versatile and use to a wide range o f samples, generally two lasers are required 

at least, and this makes the instrumentation expensive.

The technique has a lot to offer as a mineral/crystal structure tool. Analyses can be performed 

equally on thin sections and probe sections as well as bulk samples. Thin sections allow 

traditional petrographic analysis and preserve the textural relationships. It is a simple and rapid 

identification tool, when compared to XRD, which has been used traditionally in the study of 

minerals. Another advantage is that analyses are performed often without the need for sample 

preparation; with the single caveat that samples coated with carbon for use in EMPA or SEM 

chambers, for example, must either be cleaned thoroughly to remove the carbon before Raman 

analysis, or that the samples be analysed by the Raman technique prior to coating. Raman 

spectroscopy is a highly sensitive technique and the detection of amorphous carbon particles on a 

nanometre-scale is possible.

As with many analytical tools, the use of microRaman spectroscopy alone will rarely solve all 

the problems and answer all the questions raised by sample. It is important to use it in 

conjunction with other tools. As an example, the study of radiohaloes in biotite from the current 

work suggested structural collapse but that of another study, using Raman in addition to other 

techniques, reached a more comprehensive conclusion not involving structural collapse. This 

hints to the need for a combined instrument. Some areas of this study would have benefited from 

an SEM -microRaman instrument so that qualitative chemical information could be acquired at 

the same time, and from the same sampling point, as structural information. At the time of 

writing Renishaw pic are working on this project with a major SEM manufacturer and it will be 

fascinating to investigate this development.

Mineralogical samples are generally weak Raman scatterers, particularly the silicates that form 

the largest group of minerals. Raman bands at very low shifts from the excitation energy appear 

not to be o f sufficient importance in the study of naturally occurring samples to warrant the use 

o f double or triple spectrometers. Consequently, the use of instruments with filter rejection
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technology and with high signal throughput is to be encouraged. Also, these are cheaper to 

manufacture, are better suited to multi-technique laboratories and require less expert knowledge 

for their optimal operation.

Griffith (1974) and Wilkinson (In: Anderson, 1973) are amongst many that state that the use of 

Raman in mineralogy for characterising minerals is to be ‘encouraged’. How might this come 

about? The technique is perceived as requiring a thorough knowledge of the physical 

mechanisms that underpin the Raman phenomenon. This study shows that only an understanding 

of the basic principals is required; indeed, mineralogists familiar with XRD and the various 

X-ray based techniques probably only understand the basic principals behind these techniques 

yet the methods and data are routinely used. MicroRaman spectroscopy has distinct advantages 

over some of the existing techniques that make it an attractive analytical tool to the mineralogist. 

Notable among these are the lack of sample preparation and ability to examine thin sections, 

single crystals and hand specimens. If the unfamiliarity obstacle can be overcome, there is little 

to stop the technique from becoming routine in this environment.

17.5 - Further work

The preceding sections detailing the case studies undertaken were each discussed and 

suggestions made for further work.

Suggestions have been made for the development of databases of mineral spectra. As discussed, 

the samples need to be well-characterised, diverse and encompass as many species as possible. 

Ideally, samples would belong to reference collections such that the samples could be referred to 

easily. The advancement and progression of databases is regarded by this study as of crucial 

importance to the technique becoming more widespread in Earth science laboratories.

M any minerals are not strong Raman scatterers. W here appropriate, the shortest available 

excitation wavelength (514 nm, green) has been used where possible in this study to exploit the 

relationship between wavelength and intensity of Raman scattering. But perhaps further 

investigation of UV to blue excitation of minerals should be carried out to further explore the
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potential of the technique. Ultra violet laser sources operating at 325 nm and 244 nm sources are 

increasingly available but remain very expensive. There are also safety issues with UV 

excitation. The use of UV lasers introduces instrumental issues; they require quartz optics (very 

expensive) and the sensitivity of CCD detectors is best in the visible. An additional advantage of 

UV-excitation is the further avoidance of fluorescence.

In order for the technique to become more accessible and exploited in the Earth sciences, an 

issue that should be addressed, perhaps, is the cost of the instrumentation. Over time the cost of 

components falls (manufacturing costs decrease), but the complexity of the instrumentation rises 

(through user demand and commercial pressures). The Renishaw RM instrument is an example 

of the very simple optical geometry that is required to produce a microRaman instrument of high 

signal throughput and good stability. However, it is also an example of how instruments can be 

designed to be ‘flexible’ and ‘modular’, i.e. they have the potential to perform an increasingly 

complicated range of experiments with an array of variables. There are a few requirements that a 

routine instrument, to be used in an academic mineralogy department, needs to fulfil:

•  A high-quality optical microscope. The ‘front-end’ of an instrument in this market is of 

paramount importance

• Laser safety. The instrument must be inherently safe to use by the range of users.

• Stability. The optical geometry should be as uncomplicated as possible to minimise the need

for the user to have to make adjustments.

• Sufficient resolution. Spatial resolution of around one micrometer appears to be readily

achievable and is not required to be any better than this. Spectral resolution need be no better

than, say, 2 cm '1 given that the main use might be to make qualitative assessments of the 

sample. A fixed dispersion grating system, perhaps with a combination of beam splitters and 

mirrors to achieve a 2000 cm '1 spectral range would be sufficient.

• Visible excitation. 514 nm excitation has been shown to permit the successful analysis of 

many mineralogical samples. 532 nm diode lasers can be obtained at low cost. Visible 

excitation towards the blue end of the spectrum, i.e. 457 nm from an Ar+ laser may provide 

an advantage over the green wavelengths and can be used without specialised optics. Of the 

Ar+ laser lines, the 488 nm is the strongest so may offer the optimum mix of a relatively short
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visible excitation, delivering sufficiently high power to generate Raman signals from weak 

scatterers without inducing sample damage.

• Low cost. By removing much of the motorisation and automation of the current microRaman 

instruments the cost could be reduced significantly. Using one laser removes the technical 

difficulties involved with switching wavelengths, i.e. laser alignment, grating and optics 

switching.

In addition to the suggestions made for further work made at the end of each section in chapters 

2, 3, 4 and 5, a proposed project of further work would be a multi-disciplinary approach to 

design and build a simple low-cost microRaman instrument specifically aimed at mineralogical 

samples. Allied to this would be an assessment of the use of the combined SEM-Raman 

instrument in this area.
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Appendix
Tables A7.1 to A7.6 -  EMPA data from traverses across biotite grains 

Figures A 8 .1 to A 8 .10 -  XRF data from cubic zirconia samples 

Figures A 8 .10 to A 8.17 -  Raman spectra 

Figures A 15.1 to A 15.7 -  Comparison of linearly and circularly polarised light spectra. 

Press release to accompany re-launch of inorganic database after extensive editing.
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A n alysis no.

1 2 3 4 5 6 7 8 9 10

S i0 2 3 4 .9 3 3 4 .9 3 3 4 .9 3 3 4 .1 9 3 4 .4 7 3 4 .7 4 3 4 .6 4 3 4 .5 8 3 4 .8 5 3 4 .9 3

T i0 2 3 .6 0 3 .2 7 3 .1 6 3 .5 0 3 .6 9 3 .6 4 3 .6 7 3 .7 6 3 .69 3 .5 9

A I2 0 3 19 .7 7 1 9 .8 0 1 9 .8 7 19 .4 6 1 9 .5 5 1 9 .5 3 19 .70 19 .59 19 .67 19 .67

F eO 2 2 .0 7 2 1 .7 9 2 1 .9 2 2 1 .7 6 2 1 .7 7 2 2 .1 7 2 1 .9 6 2 1 .5 5 2 1 .6 2 2 1 .7 6

M gO 4 .3 2 4.21 4 .3 2 4 .1 2 4 .0 7 4.01 4 .1 5 4 .1 5 3 .9 6 4 .2 4

C aO 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0

N a 2 0 0 .2 9 0 .3 8 0 .3 0 0 .4 0 0 .3 2 0 .3 2 0 .3 4 0 .3 0 0 .3 3 0 .2 9

K 2 0 9 .7 2 9 .6 4 9 .4 7 9 .4 3 9 .5 0 9 .5 0 9 .5 4 9 .4 5 9 .5 8 9 .4 0

F 1.55 1 .64 1 .59 1 .48 1 .56 1 .64 1.61 1 .59 1 .57 1 .49

-0 = F 0 .6 5 0 .6 9 0 .6 7 0 .6 2 0 .6 6 0 .6 9 0 .6 8 0 .6 7 0 .6 6 0 .6 3

Cl 0.21 0 .1 9 0 .2 2 0 .2 4 0 .2 5 0 .2 5 0 .2 6 0 .2 8 0 .2 8 0 .2 4

-o=ci 0 .0 5 0 .0 4 0 .0 5 0 .0 5 0 .0 6 0 .0 6 0 .0 6 0 .0 6 0 .0 6 0 .0 5

B aO 0 .1 5 0 .0 0 0 .1 0 0 .0 7 0 .2 4 0 .0 4 0 .2 2 0 .0 6 0 .1 0 0 .0 3

L a 2 0 3 0 .0 3 0 .0 7 0 .0 0 0 .0 5 0 .0 0 0 .0 4 0.01 0 .0 0 0 .0 0 0 .0 8

C e 2 0 3 0 .0 0 0 .0 4 0 .0 0 0 .0 0 0 .0 0 0 .0 6 0 .0 9 0 .0 2 0 .0 5 0 .0 4

T h 0 2 0 .0 0 0 .0 0 0 .0 5 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 6 0 .0 0 0 .0 6

Total 9 5 .9 4 9 5 .2 3 9 5 .2 1 9 4 .0 3 9 4 .7 0 9 5 .1 9 9 5 .4 5 9 4 .6 6 9 4 .9 8 9 5 .1 4

O 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0

Si 5 .5 2 6 5 .5 6 4 5 .5 6 0 5 .5 1 8 5.531 5 .5 5 3 5 .5 2 3 5.541 5 .5 6 4 5 .5 5 3

Ti 0 .4 2 8 0 .3 9 2 0 .3 7 8 0 .4 2 5 0 .4 4 5 0 .4 3 8 0 .4 4 0 0 .4 5 3 0 .4 4 3 0 .4 2 9

Al 3 .6 8 7 3 .7 1 8 3 .7 2 8 3 .7 0 2 3 .6 9 7 3 .6 7 9 3 .7 0 3 3 .7 0 0 3 .7 0 2 3 .6 8 6

F e2 2 .9 2 0 2 .9 0 3 2 .9 1 8 2 .9 3 7 2.921 2 .9 6 4 2 .9 2 8 2 .8 8 8 2 .8 8 7 2 .8 9 3

Mg 1 .0 1 9 1 .0 0 0 1 .0 2 5 0 .991 0 .9 7 3 0 .9 5 5 0 .9 8 6 0 .991 0 .9 4 3 1 .005

C a 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0

Na 0 .0 8 9 0 .1 1 7 0 .0 9 3 0 .1 2 5 0 .1 0 0 0 .0 9 9 0 .1 0 5 0 .0 9 3 0 .1 0 2 0 .0 8 9

K 1 .9 6 2 1 .9 5 9 1 .9 2 3 1 .9 4 2 1 .9 4 5 1 .9 3 7 1.941 1 .9 3 2 1.951 1 .907

Ba 0 .0 0 9 0 .0 0 0 0 .0 0 6 0 .0 0 4 0 .0 1 5 0 .0 0 3 0 .0 1 4 0 .0 0 4 0 .0 0 6 0 .0 0 2

La 0 .0 0 2 0 .0 0 4 0 .0 0 0 0 .0 0 3 0 .0 0 0 0 .0 0 2 0.001 0 .0 0 0 0 .0 0 0 0 .0 0 5

C e 0 .0 0 0 0 .0 0 2 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 4 0 .0 0 5 0.001 0 .0 0 3 0 .0 0 2

Th 0 .0 0 0 0 .0 0 0 0 .0 0 2 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 2 0 .0 0 0 0 .0 0 2

Total 1 5 .6 4 2 1 5 .6 5 9 1 5 .6 3 4 1 5 .6 4 8 1 5 .6 2 7 1 5 .6 3 4 1 5 .6 4 6 1 5 .6 0 6 15.601 15 .574

F 0 .7 7 6 0 .8 2 6 0 .8 0 0 0 .7 5 5 0 .7 9 2 0 .8 2 9 0 .8 1 2 0 .8 0 6 0 .7 9 3 0 .7 4 9

Cl 0 .0 5 6 0 .051 0 .0 5 9 0 .0 6 6 0 .0 6 8 0 .0 6 8 0 .0 7 0 0 .0 7 6 0 .0 7 6 0 .0 6 5

Table A 7 .1 . EM PA results for the first traverse (perpendicular to cleavage) from unaltered biotite (no. 1) to
m onazite inclusion (no. 10).
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A n alysis no.

11 12 13 14 15 16 17 18 19 20 21 2 2 23 24 25

S i0 2 3 4 .5 9 3 4 .9 8 3 4 .9 4 3 4 .5 5 3 4 .6 8 3 4 .7 8 3 4 .7 6 3 4 .6 9 3 4 .6 5 3 4 .7 3 3 4 .6 0 3 4 .1 2 3 3 .7 7 3 4 .3 5 2 1 .58

T i0 2 3 .6 9 3 .6 8 3 .5 6 3 .7 0 3 .64 3.51 3 .5 3 3 .6 4 3 .7 7 3 .5 3 3.71 3 .3 9 3 .5 2 3 .49 1.56

A I2 0 3 19.51 19 .80 19 .6 4 19.61 19.51 19.68 19 .66 1 9 .6 6 19.61 19 .76 19.71 1 9 .2 3 1 9 .1 7 18.61 11.88

F eO 2 1 .7 6 2 2 .1 5 2 1 .9 4 2 1 .8 2 2 2 .0 8 2 1 .7 5 2 1 .9 4 2 1 .5 3 2 1 .7 9 2 1 .8 2 21 .7 7 2 1 .2 9 21 .3 4 2 1 .4 5 10.20

MgO 4 .0 8 4.11 4 .0 4 4 .0 6 4 .1 5 4 .13 4 .0 8 4 .1 5 4.11 4.11 4 .1 2 3 .8 6 0 .9 6 4 .15 2 .92

C aO 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 3 0.00 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 2 1 .08 0 .75 0 .83

N a 2 0 0.31 0 .3 ^ 0 .3 0 0 .3 4 0 .3 4 0 .38 0 .3 3 0 .3 2 0 .3 6 0 .3 5 0 .35 0 .4 2 0.41 0 .27 0 .00

K 2 0 9 .5 8 9.51 9 .5 7 9 .4 3 9.51 9 .3 7 9.41 9 .4 8 9 .4 9 9 .3 8 9.34 9 .2 8 9 .4 4 9.41 3 .94

F 1 .39 1 .58 1 .6 8 1 .4 7 1.61 1.54 1 .48 1 .59 1 .76 1 .72 1.42 1 .56 1.71 2 .4 6 1.10

-0 = F 0 .5 9 0 .6 7 0 .71 0 .6 2 0 .6 8 0 .65 0 .6 2 0 .6 7 0 .7 4 0 .7 2 0 .60 0 .6 6 0 .7 2 1.04 0 .46

Cl 0 .3 0 0 .3 0 0 .2 7 0 .2 7 0 .2 4 0 .22 0 .2 7 0 .2 3 0 .2 6 0 .2 4 0 .24 0 .2 4 0 .2 2 0 .22 0 .15

- o = c i 0 .0 7 0 .0 7 0 .0 6 0 .0 6 0 .0 5 0 .05 0 .0 6 0 .0 9 0 .0 6 0 .0 5 0 .05 0 .0 5 0 .0 5 0 .0 5 0 .03

B aO 0 .0 0 0 .1 3 0 .1 2 0 .1 0 0 .0 5 0 .13 0 .0 0 0 .0 0 0 .0 5 0 .0 0 0 .04 0 .1 2 0 .0 0 0 .12 0 .00

L a 2 0 3 0 .1 0 0 .0 0 0 .0 0 0 .0 8 0 .0 5 0 .02 0 .0 0 0.01 0.01 0 .0 0 0 .09 0 .0 0 0 .0 0 0 .03 4 .39

C e 2 0 3 0 .0 0 0 .0 0 0 .0 2 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0.01 0 .00 0 .1 2 0 .0 0 0 .09 12.27

T h 0 2 0 .0 0 0 .0 0 0 .0 0 0 .01 0 .0 0 0 .0 0 0 .0 5 0 .0 0 0 .1 3 0 .0 0 0.00 0 .0 0 0 .0 0 0.00 3.31

Total 9 4 .6 5 9 5 .8 2 95 .31 9 4 .7 6 9 5 .1 6 94.81 9 4 .8 3 9 4 .5 8 9 5 .1 9 9 4 .8 8 94 .74 9 2 .9 4 9 0 .8 5 94.31 73 .64

O 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 22 .0 0 0 2 2 .0 0 0

Si 5 .5 3 4 5 .5 4 3 5 .5 7 4 5 .5 2 7 5 .5 4 0 5 .5 5 4 5 .5 5 0 5 .5 5 2 5 .5 4 5 5 .5 5 7 5 .5 2 0 5 .5 7 3 5 .6 8 5 5 .636 5 .183

Ti 0 .4 4 4 0 .4 3 9 0 .4 2 7 0 .4 4 5 0 .4 3 7 0 .4 2 2 0 .4 2 4 0 .4 3 8 0 .4 5 4 0 .4 2 5 0 .4 4 5 0 .4 1 6 0 .4 4 6 0.431 0 .282

Al 3 .6 7 9 3 .6 9 8 3 .6 9 3 3 .6 9 8 3 .6 7 4 3 .7 0 4 3 .7 0 0 3 .7 0 9 3 .6 9 9 3 .7 2 7 3 .7 0 7 3 .7 0 2 3 .8 0 4 3 .599 3 .363

F e2 2 .911 2 .9 3 6 2 .9 2 7 2 .9 1 9 2 .9 5 0 2 .9 0 5 2 .9 3 0 2 .8 8 2 2 .9 1 6 2 .9 2 0 2 .9 0 5 2 .9 0 8 3 .0 0 4 2 .943 2 .049

Mg 0 .9 7 3 0 .971 0 .961 0 .9 6 8 0 .9 8 8 0 .9 8 3 0.971 0 .9 9 0 0 .9 8 0 0 .9 8 0 0 .9 8 0 0 .9 4 0 0 .241 1 .015 1.045

C a 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 5 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 4 0 .1 9 5 0 .132 0 .214

N a 0 .0 9 6 0 .0 9 8 0 .0 9 3 0 .1 0 5 0 .1 0 5 0 .1 1 8 0 .1 0 2 0 .0 9 9 0 .1 1 2 0 .1 0 9 0 .1 0 8 0 .1 3 3 0 .1 3 4 0 .086 0 .000

K 1 .9 5 5 1 .9 2 3 1 .9 4 8 1 .9 2 5 1 .9 3 8 1 .909 1 .917 1 .9 3 6 1 .9 3 8 1 .915 1.901 1 .934 2 .0 2 7 1 .970 1.207

Ba 0 .0 0 0 0 .0 0 8 0 .0 0 8 0 .0 0 6 0 .0 0 3 0 .0 0 8 0 .0 0 0 0 .0 0 0 0 .0 0 3 0 .0 0 0 o .ood 0 .0 0 8 0 .0 0 0 0 .008 0 .000

La 0 .0 0 6 0 .0 0 0 0 .0 0 0 0 .0 0 5 0 .0 0 3 0.001 0 .0 0 0 0 .001 0.001 0 .0 0 0 0 .0 0 5 0 .0 0 0 0 .0 0 0 0 .002 0 .389

C e 0 .0 0 0 0 .0 0 0 0 .0 0 1 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0.001 0 .0 0 0 0 .0 0 7 0 .0 0 0 0 .005 1.079

Th 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 2 0 .0 0 0 0 .0 0 5 0 .0 0 0 0 .000 0 .0 0 0 0 .0 0 0 0 .0 0 0 0.181

Total 1 5 .5 9 8 1 5 .6 1 6 1 5 .6 3 2 1 5 .5 9 9 1 5 .6 4 5 1 5 .6 0 4 1 5 .5 9 4 1 5 .6 0 6 1 5 .6 5 2 1 5 .6 3 4 15 .5 7 4 1 5 .6 2 5 1 5 .5 3 5 15.827 14.991

F 0 .7 0 3 0 .7 9 2 0 .8 4 8 0 .7 4 4 0 .8 1 3 0 .7 7 8 0 .7 4 7 0 .8 0 5 0 .891 0 .8 7 0 0 .7 1 7 0 .8 0 6 0 .9 1 0 1.277 0 .836

Cl 0 .081 0 .0 8 1 0 .0 7 3 0 .0 7 3 0 .0 6 5 0 .0 6 0 0 .0 7 3 0 .0 6 2 0 .071 0 .0 6 5 0 .0 6 5 0 .0 6 6 0 .0 6 3 0.061 0.061

Table A 7.2 . EM PA results for the second traverse (parallel to cleavage) from monazite inclusion (no.
11) to unaltered biotite (no. 25).
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Appendix

A n alysis no.

2 6 27 28 2 9 3 0 31 3 2 3 3 34 35 36 3 7 38 3 9

S i0 2 3 5 .8 6 3 5 .8 8 35.91 3 6 .2 3 3 5 .9 8 3 5 .1 8 35.91 3 6 .0 7 3 6 .3 6 3 5 .8 8 3 5 .8 9 3 5 .5 0 3 5 .0 8 3 3 .4 0

T i0 2 2 .5 8 2 .4 8 2 .2 7 2 .5 0 2 .7 7 2 .6 6 2 .6 3 2 .5 4 2.51 2 .56 2 .7 6 2.61 2 .9 3 2 .7 5

A I2 0 3 2 0 .0 8 20 .11 2 0 .2 2 2 0 .2 0 2 0 .5 0 2 0 .5 2 2 0 .2 6 2 0 .4 4 20.51 2 0 .3 7 2 0 .2 2 2 0 .1 8 2 0 .1 0 1 8 .9 8

F eO 1 9 .8 6 2 0 .0 2 2 0 .2 0 2 0 .1 7 2 0 .7 7 2 0 .9 9 2 0 .4 5 2 0 .0 3 2 0 .1 0 2 0 .3 2 2 0 .8 8 2 1 .7 5 2 1 .6 7 1 9 .5 6

M gO 4 .9 7 4 .9 7 5 .0 7 4 .8 9 4 .7 9 4 .4 7 4 .7 8 4 .8 0 4 .7 9 4 .82 4 .6 3 4 .6 3 4 .4 8 4 .2 0

C aO 0 .0 0 0.01 0 .0 0 0 .0 4 0.01 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 3 0 .0 2 0 .0 5 0 .3 3

N a 2 0 0 .3 2 0 .3 0 0 .2 4 0 .3 2 0.31 0 .3 2 0.31 0 .3 0 0.31 0 .3 0 0 .2 7 0 .2 6 0 .3 8 0 .4 0

K 2 0 8 .9 9 9 .1 5 9 .1 8 9 .4 3 9.51 9 .3 8 9 .4 6 9 .5 8 9 .5 4 9 .6 5 9 .3 8 9 .2 6 9 .1 3 8.21

F 1 .75 1 .84 1 .46 1 .92 1 .89 1.91 1 .72 1 .7 6 1 .93 1.85 1 .78 1 .59 1.62 1 .43

-0 = F 0 .7 4 0 .7 7 0.61 0.81 0 .8 0 0 .8 0 0 .7 2 0 .7 4 0.81 0 .7 8 0 .7 5 0 .6 7 0 .6 8 0 .6 0

Cl 0 .1 6 0 .1 7 0 .1 6 0 .1 6 0 .1 7 0 .1 8 0 .1 7 0 .1 3 0 .1 8 0 .1 8 0 .1 8 0 .2 2 0 .2 3 0.21

-o=ci 0 .0 4 0 .0 4 0 .0 4 0 .0 4 0 .0 4 0 .0 4 0 .0 4 0 .0 3 0 .0 4 0 .0 4 0 .0 4 0 .0 5 0 .05 0 .0 5

B aO 0 .0 5 0.01 0 .0 0 0 .1 3 0 .0 2 0 .0 2 0 .0 0 0 .0 0 0 .0 0 0 .05 0 .1 4 0 .1 7 0 .09 0 .1 2

L a 2 0 3 0 .0 5 0 .0 0 0 .0 4 0 .0 0 0 .0 0 0 .0 5 0 .0 0 0 .0 7 0.01 0 .00 0 .0 4 0 .0 0 0 .0 2 0 .4 4

C e 2 0 3 0 .0 6 0 .0 0 0.01 0 .0 0 0 .0 0 0 .0 8 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .0 6 0.01 1 .20

T h 0 2 0 .0 4 0 .0 0 0 .0 0 0 .0 0 0 .0 3 0 .0 0 0 .0 0 0 .01 0 .0 0 0 .0 0 0.01 0 .0 0 0 .0 3 0 .5 0

Total 9 3 .9 9 9 4 .1 3 94.11 9 5 .1 4 95 .91 9 4 .9 2 9 4 .9 3 9 4 .9 6 9 5 .3 9 9 5 .1 6 9 5 .4 2 9 5 .5 3 9 5 .0 9 9 1 .0 8

O 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0

Si 5 .7 0 2 5 .7 0 8 5 .6 7 9 5 .7 2 0 5 .6 4 8 5 .6 0 6 5 .6 7 2 5 .6 8 6 5 .7 1 8 5.671 5 .6 6 3 5 .6 0 8 5 .5 7 4 5 .5 7 4

Ti 0 .3 0 9 0 .2 9 7 0 .2 7 0 0 .2 9 7 0 .3 2 7 0 .3 1 9 0 .3 1 2 0 .301 0 .2 9 7 0 .3 0 4 0 .3 2 7 0 .3 1 0 0 .3 5 0 0 .3 4 5

Al 3 .7 6 3 3 .771 3 .7 6 9 3 .7 5 9 3 .7 9 3 3 .8 5 4 3 .7 7 2 3 .7 9 8 3 .8 0 2 3 .7 9 5 3 .7 6 0 3 .7 5 7 3 .7 6 4 3 .7 3 3

F e2 2 .641 2 .6 6 4 2 .6 7 2 2 .6 6 3 2 .7 2 7 2 .7 9 7 2.701 2 .641 2 .6 4 4 2 .6 8 6 2 .7 5 5 2 .8 7 3 2 .8 8 0 2 .7 3 0

Mg 1 .1 7 8 1 .1 7 9 1 .1 9 5 1.151 1.121 1 .0 6 2 1 .125 1 .1 2 8 1 .1 2 3 1 .136 1 .0 8 9 1 .090 1.061 1 .0 4 5

C a 0 .0 0 0 0 .0 0 2 0 .0 0 0 0 .0 0 7 0 .0 0 2 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 5 0 .0 0 3 0 .0 0 9 0 .0 5 9

Na 0 .0 9 9 0 .0 9 3 0 .0 7 4 0 .0 9 8 0 .0 9 4 0 .0 9 9 0 .0 9 5 0 .0 9 2 0 .0 9 5 0 .0 9 2 0 .0 8 3 0 .0 8 0 0 .1 1 7 0 .1 2 9

K 1 .8 2 4 1 .8 5 7 1 .8 5 2 1 .8 9 9 1 .9 0 5 1 .9 0 7 1 .9 0 6 1 .9 2 7 1 .914 1 .946 1 .8 8 8 1 .866 1.851 1 .7 4 8

B a 0 .0 0 3 0 .001 0 .0 0 0 0 .0 0 8 0 .001 0 .001 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 3 0 .0 0 9 0.011 0 .0 0 6 0 .0 0 8

La 0 .0 0 3 0 .0 0 0 0 .0 0 2 0 .0 0 0 0 .0 0 0 0 .0 0 3 0 .0 0 0 0 .0 0 4 0.001 0 .0 0 0 0 .0 0 2 0 .0 0 0 0.001 0 .0 2 7

C e 0 .0 0 3 0 .0 0 0 0 .001 0 .0 0 0 0 .0 0 0 0 .0 0 5 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 3 0.001 0 .0 7 3

Th 0 .0 0 1 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .001 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0.001 0 .0 1 9

Total 1 5 .5 2 6 1 5 .5 7 0 1 5 .5 1 4 1 5 .6 0 3 1 5 .6 1 9 1 5 .6 5 3 1 5 .5 8 3 1 5 .5 7 7 1 5 .5 9 2 15 .6 3 3 1 5 .5 8 2 15 .602 1 5 .614 15.491

F 0 .8 8 0 0 .9 2 6 0 .7 3 0 0 .9 5 9 0 .9 3 8 0 .9 6 3 0 .8 5 9 0 .8 7 7 0 .9 6 0 0 .9 2 5 0 .8 8 8 0 .7 9 4 0 .8 1 4 0 .7 5 5

Cl 0 .0 4 3 0 .0 4 6 0 .0 4 3 0 .0 4 3 0 .0 4 5 0 .0 4 9 0 .0 4 6 0 .0 3 5 0 .0 4 8 0 .0 4 8 0 .0 4 8 0 .0 5 9 0 .0 6 2 0 .0 5 9

Table A 7.3 . EM PA results for the third traverse (perpendicular to cleavage) from unaltered biotite (no. 26) to
m onazite inclusion (no. 39).
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A n alysis no.

4 0 41 42 43 4 4 4 5 46 47 48 49 50

S i 0 2 3 5 .0 6 3 5 .1 7 3 4 .6 9 3 4 .9 0 3 4 .8 0 3 4 .7 8 3 4 .9 5 3 5 .3 3 3 3 .6 4 3 4 .9 4 2 6 .9 7

T i0 2 2 .9 5 3.01 2 .8 7 2 .7 5 3 .0 6 2 .9 5 2 .8 7 2 .97 2 .92 2 .8 6 1.81

A I2 0 3 2 0 .3 1 2 0 .2 5 2 0 .1 0 2 0 .2 7 20.11 20 .21 2 0 .3 8 2 0 .3 7 2 0 .4 2 2 0 .6 9 1 6 .1 2

F eO 2 1 .8 8 2 1 .5 2 2 1 .3 9 2 1 .5 7 21.41 21 .41 2 1 .7 0 21 .22 2 1 .0 4 2 0 .6 2 1 3 .22

M gO 4 .3 5 4 .3 8 4 .3 4 4 .3 6 4 .3 8 4 .3 3 4 .3 4 4 .39 4 .39 4 .3 0 3 .6 3

C aO 0.01 0 .0 0 0 .0 0 0.01 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .00 0 .0 0 0 .5 4

N a 2 0 0 .3 0 0 .2 5 0.31 0 .3 3 0.31 0 .2 6 0.31 0 .25 0 .3 0 0 .2 9 0 .1 2

K 2 0 9 .6 0 9.51 9 .4 9 9.51 9 .5 8 9 .4 3 9 .5 0 9 .62 9 .59 9 .3 9 5 .8 5

F 1 .4 7 1 .3 7 1 .65 1.71 1 .67 1 .54 1 .47 1.60 1 .56 1.66 1 .26

-0 = F 0 .6 2 0 .5 8 0 .6 9 0 .7 2 0 .7 0 0 .6 5 0 .6 2 0 .67 0 .66 0 .7 0 0 .5 3

Cl 0 .2 3 0 .1 9 0 .1 9 0.21 0 .2 2 0.21 0 .2 4 0.21 0 .22 0 .1 8 0 .1 3

-o=ci 0 .0 5 0 .0 4 0 .0 4 0 .0 5 0 .0 5 0 .0 5 0 .0 5 0.05 0 .05 0 .0 4 0 .0 3

B aO 0 .0 0 0 .1 0 0.01 0 .0 4 0 .0 0 0 .0 3 0 .0 0 0 .00 0 .08 0 .0 0 0 .0 6

L a 2 0 3 0 .0 5 0 .0 0 0 .0 0 0 .0 5 0 .0 0 0 .0 3 0 .0 2 0 .05 0 .03 0 .0 5 3 .3 2

C e 2 0 3 0 .0 9 0 .0 0 0 .0 0 0 .0 0 0 .0 6 0 .0 2 0 .0 2 0 .08 0.01 0 .1 5 8 .1 9

T h 0 2 0 .0 0 0 .0 3 0 .0 0 0 .0 6 0 .0 0 0 .0 3 0 .0 0 0 .00 0 .05 0 .0 0 1 .96

Total 9 5 .6 3 9 5 .1 6 94 .31 9 5 .0 0 9 4 .8 5 9 4 .5 3 9 5 .1 3 9 5 .3 7 9 3 .5 4 9 4 .3 9 8 2 .6 2

O 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0

Si 5 .5 4 0 5 .5 5 7 5 .5 6 3 5 .5 6 8 5 .5 5 5 5 .5 5 3 5 .5 4 3 5 .585 5 .4 5 2 5 .5 6 9 5 .3 3 6

Ti 0 .3 5 1 0 .3 5 8 0 .3 4 6 0 .3 3 0 0 .3 6 7 0 .3 5 4 0 .3 4 2 0 .3 5 3 0 .3 5 6 0 .3 4 3 0 .2 6 9

Al 3 .7 8 3 3 .771 3 .8 0 0 3 .8 1 2 3 .7 8 4 3 .8 0 3 3 .8 1 0 3 .795 3.901 3 .8 8 7 3 .7 5 9

F e2 2 .8 9 1 2 .8 4 4 2 .8 6 9 2 .8 7 8 2 .8 5 8 2 .8 5 9 2 .8 7 8 2 .805 2 .8 5 2 2 .7 4 9 2 .1 8 7

Mg 1 .0 2 5 1 .0 3 2 1 .0 3 8 1 .0 3 7 1 .0 4 2 1.031 1 .0 2 6 1.034 1.061 1 .0 2 2 1.071

C a 0 .0 0 2 0 .0 0 0 0 .0 0 0 0 .0 0 2 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .000 0 .0 0 0 0 .0 0 0 0 .1 1 4

N a 0 .0 9 2 0 .0 7 7 0 .0 9 6 0 .1 0 2 0 .0 9 6 0 .0 8 0 0 .0 9 5 0 .0 7 7 0 .0 9 4 0 .0 9 0 0 .0 4 6

K 1 .9 3 5 1 .9 1 7 1 .9 4 2 1 .9 3 6 1.951 1.921 1 .9 2 2 1.940 1 .983 1 .910 1 .477

Ba 0 .0 0 0 0 .0 0 6 0 .0 0 1 0 .0 0 3 0 .0 0 0 0 .0 0 2 0 .0 0 0 0 .0 0 0 0 .0 0 5 0 .0 0 0 0 .0 0 5

La 0 .0 0 3 0 .0 0 0 0 .0 0 0 0 .0 0 3 0 .0 0 0 0 .0 0 2 0.001 0 .0 0 3 0 .0 0 2 0 .0 0 3 0 .2 4 2

C e 0 .0 0 5 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 4 0.001 0.001 0 .0 0 5 0.001 0 .0 0 9 0 .5 9 3

Th 0 .0 0 0 0 .001 0 .0 0 0 0 .0 0 2 0 .0 0 0 0.001 0 .0 0 0 0 .0 0 0 0 .0 0 2 0 .0 0 0 0 .0 8 8

Total 1 5 .6 2 6 1 5 .5 6 3 1 5 .6 5 4 15 .671 1 5 .6 5 8 1 5 .6 0 7 1 5 .6 1 9 15 .597 1 5 .7 0 7 15.581 15 .1 8 7

F 0 .7 3 5 0 .6 8 5 0 .8 3 7 0 .8 6 3 0 .8 4 3 0 .7 7 8 0 .7 3 7 0 .800 0 .8 0 0 0 .8 3 7 0 .7 8 8

Cl 0 .0 6 2 0 .051 0 .0 5 2 0 .0 5 7 0 .0 6 0 0 .0 5 7 0 .0 6 5 0 .0 5 6 0 .0 6 0 0 .0 4 9 0 .0 4 4

Table A 7.4 . EM PA results for the fourth traverse (parallel to cleavage) from monazite inclusion (no. 40) to
unaltered biotite (no. 50).
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A n alysis no.
51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69

S i0 2 35  09 35 38 3 5 0 5 35 .1 6 3 5 .2 7 35.21 35 .1 0 35.15 3 5 0 6 35 .1 6 3 5 .1 6 35.07 35.32 34.91 35.35 35 .0 8 35.08 34.99 35 .07

T i0 2 2 .5 3 2 90 2.77 3 .0 2 2.81 2.88 3 .0 0 2.80 2 .8 2 2 71 2 .9 8 3.11 2.78 3.03 3.26 3.20 3.15 3.33 3.27

A I2 0 3 2 0 .4 2 20 23 20 29 2 0  24 20 .4 2 20.45 2 0 .3 7 20.42 2 0 .4 0 20 .3 3 2 0 .2 9 20.35 20.17 20 .12 20.31 20 .3 3 20.17 20.05 20 00

F eO 21 52 21.61 21.53 2 1 .6 0 2 1 .5 8 21.66 21 .5 6 21 .88 2 1 .6 6 21 .57 2 1 .8 8 21.51 21.44 22 .0 3 22.07 21 .6 3 21.77 21.92 21 .47

M gO 4 43 4.56 4.53 4 .4 7 4 59 4.51 4.51 4.46 4 .4 8 4.43 4.47 4.48 4.56 4.44 4.38 4.36 4.30 4.28 4.40

C aO 0 00 0.00 0.01 0 .0 0 0 .0 0 0.00 0.00 0.00 0 .0 0 0.01 0 .0 0 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.02

N a 2 0 0 .2 2 0.27 0.30 0 .3 0 0.30 0.28 0.27 0.27 0.2 9 0 .3 0 0 .2 4 0.25 0.25 0.25 0.26 0.26 0.31 0.29 0.33

K 2 0 9 .6 4 9.74 9.70 9 .6 5 9 .6 8 9.76 9.62 9.71 9 .7 0 9.67 9 .7 2 9.62 9.74 9.67 9.77 9.71 9.68 9.72 9.57

F 1.82 2.05 1.70 1.80 1.52 1.84 1.62 1.59 1.75 1.56 1.48 1.79 1.73 1.70 1.51 1.71 1.51 1.58 1.52

-0 = F 0.7 7 0.86 0.72 0 .7 6 0.64 0.77 0.68 0.67 0 .7 4 0.66 0 .6 2 0.75 0.73 0 .7 2 0.64 0 .7 2 0.64 0.67 0.64

Cl 0 .1 8 0.21 0 .2 3 0 .2 0 0 .2 0 0.21 0.19 0.19 0.2 2 0 .2 3 0.21 0.23 0.2 0 0.22 0 .2 0 0.23 0.20 0.22 0.21

-o=ci 0 04 0.05 0.05 0 .0 5 0 .0 5 0.05 0.04 0.04 0 .0 5 0.05 0 .0 5 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05

B aO 0 .2 0 0.00 0 .2 0 0 .1 6 0.13 0.08 0.16 0 .0 8 0.0 7 0.22 0 .0 8 0.01 0.14 0.07 0.06 0.01 0.18 0.02 0.14

L a 2 0 3 0 .0 0 0.12 0 .0 0 0 .0 0 0 .1 2 0.14 0.08 0.00 0 .0 0 0.00 0.01 0.00 0.00 0.00 0 .0 0 0.0 0 0.00 0.00 0.13

C e 2 0 3 0 .0 2 0.10 0.03 0.0 7 0.09 0.08 0.02 0.06 0.0 0 0 .0 0 0 .0 0 0.00 0.11 0 .0 2 0 .0 2 0.00 0.00 0.02 0.13

T h 0 2 0 0 0 0.00 0.00 0.1 2 0.06 0.04 0.05 0.10 0 .0 0 0 .0 0 0 .0 0 0.14 0.00 0 .0 0 0 .0 0 0 .0 0 0.00 0.00 0.00

Total 9 5 .2 6 96 26 95 .57 9 5 .9 8 9 6 .0 8 96 .32 95 .8 3 96 .0 0 95 .6 6 9 5 .4 8 9 5 .8 5 95 .76 95 .6 6 9 5 .7 0 96 .50 9 5 .7 5 95.66 95.70 95 .57

0

2 2 .0 0

0 2 2 .0 0 0 22 .0 0 0 2 2 .0 0 0

2 2 .0 0

0

22 .0 0

0 22 .0 0 0 2 2 .0 0 0 22 .0 0 0 2 2 .0 0 0

2 2 .0 0

0 22.000

2 2 .0 0

0

22 .00

0

2 2 .0 0

0

£ 2 .0 0

0 22.000

22.00

0

22 .00

0

Si 5 .5 9 0 5 .6 0 2 5 .5 6 3 5 .5 6 6 5 .5 4 8 5 .5 6 0 5 .5 4 4 5.545 5.558 5 .5 7 0 5.541 5.555 5 .5 9 5 5.5 4 2 5.537 5.5 5 0 5.546 5.539 5.551

Ti 0 .3 0 3 0 .3 4 5 0.331 0 .3 6 0 0 .3 3 2 0 .3 4 2 0 .3 5 6 0 .3 3 2 0 .3 3 6 0 .3 2 3 0 .3 5 3 0.370 0.331 0.362 0 .3 8 4 0.381 0.375 0 .396 0 .3 8 9

Al 3 .8 3 4 3.776 3 .7 9 6 3 .7 7 7 3 .7 8 6 3 .8 0 6 3 .7 9 2 3 .7 9 7 3 .8 1 2 3 .7 9 6 3 .7 6 9 3.800 3 .766 3 .7 6 5 3 .7 5 0 3.791 3.758 3.741 3.731

F e 2 2 .8 6 7 2.862 2 .8 5 8 2 .8 6 0 2 .8 3 9 2 .8 6 0 2 .8 4 8 2 .8 8 7 2 .8 7 2 2 .8 5 8 2 .8 8 4 2.850 2 .8 4 0 2.925 2.891 2.862 2.878 2 .902 2.842

Mg 1.052 1.076 1.072 1 .0 5 5 1 .0 7 6 1 .062 1.062 1.049 1.059 1.046 1 .0 5 0 1.058 1.077 1.051 1.023 1.028 1.013 1.010 1.038

C a 0.000 0.000 0 .0 0 2 0.000 0.000 0.000 0 .0 0 0 0.000 0.000 0 .0 0 2 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.003

Na 0 .0 6 8 0 .0 8 3 0 .0 9 2 0 .0 9 2 0 .0 9 2 0 .0 8 6 0 .0 8 3 0.083 0 .089 0 .0 9 2 0 .0 7 3 0.077 0.077 0.077 0 .079 0 .0 8 0 0.095 0.089 0.101

K 1.9 5 9 1.968 1.964 1.949 1 .9 4 3 1.966 1.938 1.954 1.962 1.954 1.954 1.944 1.968 1.959 1.952 1.960 1.952 1.963 1.932

Ba 0 .0 1 2 0.000 0 .0 1 2 0 .0 1 0 0 .0 0 8 0 .0 0 5 0 .0 1 0 0.005 0.004 0 .0 1 4 0 .0 0 5 0.001 0.009 0.004 0 .004 0.001 0.011 0.001 0.009

La 0.000 0.007 0.000 0.000 0 .0 0 7 0 .0 0 8 0 .0 0 5 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0 .000 0.008

C e 0.001 0 .0 0 6 0 .0 0 2 0 .0 0 4 0 .0 0 5 0 .0 0 5 0.001 0.003 0.000 0.000 0.000 0.000 0.006 0.001 0.001 0.000 0.000 0.001 0 008

Th 0.000 0.000 0.000 0 .0 0 4 0 .0 0 2 0.001 0 .0 0 2 0.004 0 000 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Total

15 .6 8

6 15 .725 15 .693 15 .6 7 7

15 .6 4

0

15 .70

1 1 5 .6 4 0 15 659 15.693 15.654

15 .63

1 15.659

15.67

0

15.68

7

15.62

0

15.65

2 15.629

15.64

4

15.61

2

F 0 .9 1 7 1.027 0 .8 5 3 0.901 0 .7 5 6 0 .9 1 9 0 .8 0 9 0.793 0.877 0 .7 8 2 0 .7 3 8 0.897 0.867 0 .854 0.748 0.856 0.755 0.791 0.761

Cl 0 .0 4 9 0 .0 5 6 0 .0 6 2 0 .0 5 4 0 .0 5 3 0 .0 5 6 0.051 0.051 0 .059 0.0 6 2 0 .0 5 6 0.062 0.054 0 .059 0 .053 0.062 0.054 0.059 0.056

Table A 7.5 . EM PA results for the fifth traverse (perpendicular to cleavage) from unaltered biotite (no. 51) to 
inclusion (no.69).
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A n alysis no.

7 0 71 72 73 74 75 7 6 77 78 79 80 81 82 8 3

S i0 2 3 5 .1 8 3 5 .2 2 3 4 .9 9 3 4 .9 4 3 4 .8 4 3 5 .0 8 3 4 .9 5 3 5 .1 0 3 4 .9 3 3 4 .8 4 3 5 .0 7 3 4 .7 4 34 .7 5 3 4 .4 3

T i0 2 3 .1 7 3 .0 2 3 .0 4 3 .1 0 2 .8 9 3 .2 8 3 .2 0 3 .4 6 3 .3 5 3 .0 7 3 .2 9 3 .3 4 3 .2 7 3 .3 3

A I2 0 3 2 0 .1 0 2 0 .2 5 2 0 .1 3 2 0 .1 4 2 0 .1 6 2 0 .1 2 2 0 .0 7 2 0 .0 6 20.01 20 .01 2 0 .1 2 2 0 .0 2 2 0 .0 4 1 9 .45

F eO 2 1 .7 1 2 2 .0 5 2 1 .5 9 2 1 .6 8 2 1 .9 2 2 1 .8 5 2 1 .5 8 2 1 .6 3 2 1 .7 3 2 1 .6 8 2 1 .8 5 2 1 .6 5 2 1 .8 8 2 1 .6 2

M gO 4 .4 2 4 .4 2 4 .3 8 4 .2 4 4 .3 2 4 .3 7 4 .2 7 4 .3 4 4 .2 9 4 .2 7 4 .2 3 4 .2 6 4 .2 7 3 .6 9

C aO 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0.01 0 .0 0 0 .0 0 0 .0 0 0 .0 2 0 .0 2 0.01 0 .0 0 0 .0 0 0.01

N a 2 0 0 .2 8 0 .2 4 0 .2 3 0 .2 2 0 .2 5 0 .2 8 0 .2 2 0 .2 9 0 .2 7 0 .2 9 0.31 0.31 0 .3 5 0.31

K 2 0 9 .5 6 9 .5 8 9 .6 5 9 .5 7 9 .7 0 9 .6 4 9 .6 8 9 .7 3 9 .6 6 9.71 9 .5 9 9 .5 3 9 .6 0 9.51

F 1 .5 6 1 .5 3 1 .5 3 1 .4 6 1 .64 1 .62 1 .69 1 .54 1.67 1.49 1 .48 1 .43 1.28 1.61

- 0 = F 0 .6 6 0 .6 4 0 .6 4 0 .61 0 .6 9 0 .6 8 0.71 0 .6 5 0 .7 0 0 .6 3 0 .6 2 0 .6 0 0 .5 4 0 .6 8

Cl 0 .1 8 0 .21 0 .1 8 0 .2 0 0 .2 3 0 .2 0 0.21 0 .2 2 0.21 0 .1 9 0 .2 0 0 .1 9 0 .22 0.21

-o=ci 0 .0 4 0 .0 5 0 .0 4 0 .0 5 0 .0 5 0 .0 5 0 .0 5 0 .0 5 0 .0 5 0 .0 4 0 .0 5 0 .0 4 0 .0 5 0 .0 5

B aO 0 .0 9 0 .1 4 0 .1 5 0 .1 6 0 .0 7 0 .2 6 0.11 0 .0 9 0 .0 9 0 .1 9 0 .0 0 0 .1 8 0 .18 0 .0 5

L a 2 0 3 0 .0 8 0 .0 0 0 .0 2 0 .0 3 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 2 0 .0 0 0 .0 0 0 .0 0 0 .1 0

C e 2 0 3 0 .0 7 0 .0 0 0 .0 6 0 .0 2 0 .0 0 0 .0 3 0 .0 0 0 .0 0 0 .0 0 0 .0 7 0 .0 0 0 .1 4 0 .1 3 0 .1 7

T h 0 2 0 .0 5 0 .0 0 0 .0 0 0 .0 0 0 .0 3 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 4 0 .0 0 0 .0 0 0 .0 0

Total 9 5 .7 5 9 5 .9 7 9 5 .2 7 9 5 .1 0 9 5 .3 2 9 6 .0 0 9 5 .2 2 9 5 .7 6 9 5 .4 8 9 5 .1 8 9 5 .5 2 9 5 .1 5 95 .38 9 3 .7 6

O 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0 2 2 .0 0 0

Si 5 .5 5 6 5 .5 5 0 5 .5 5 2 5 .5 4 9 5 .5 4 9 5 .5 4 2 5 .5 6 4 5 .5 4 2 5 .5 4 8 5 .5 4 3 5 .5 4 4 5 .5 2 0 5 .504 5 .5 8 3

Ti 0 .3 7 7 0 .3 5 8 0 .3 6 3 0 .3 7 0 0 .3 4 6 0 .3 9 0 0 .3 8 3 0.411 0 .4 0 0 0 .3 6 7 0.391 0 .3 9 9 0 .389 0 .4 0 6

Al 3 .7 4 2 3 .7 6 1 3 .7 6 5 3 .7 7 0 3 .7 8 4 3 .7 4 6 3 .7 6 6 3 .7 3 3 3 .7 4 6 3 .7 5 3 3 .7 4 9 3 .7 4 9 3.741 3 .7 1 8

F e2 2 .8 6 7 2 .9 0 6 2 .8 6 5 2 .8 7 9 2 .9 2 0 2 .8 8 7 2 .8 7 3 2 .8 5 6 2 .8 8 7 2 .8 8 5 2 .8 8 9 2 .8 7 7 2 .8 9 8 2 .9 3 2

Mg 1 .041 1 .0 3 8 1 .0 3 6 1 .0 0 4 1 .0 2 6 1 .0 2 9 1 .0 1 3 1 .0 2 2 1 .0 1 6 1 .013 0 .9 9 7 1 .009 1 .008 0 .8 9 2

C a 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 2 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 3 0 .0 0 3 0 .0 0 2 0 .0 0 0 0 .0 0 0 0 .0 0 2

N a 0 .0 8 6 0 .0 7 3 0 .0 7 1 0 .0 6 8 0 .0 7 7 0 .0 8 6 0 .0 6 8 0 .0 8 9 0 .0 8 3 0 .0 8 9 0 .0 9 5 0 .0 9 6 0 .107 0 .0 9 7

K 1 .9 2 6 1 .9 2 6 1 .9 5 4 1 .9 3 9 1 .971 1 .9 4 3 1 .9 6 6 1 .9 6 0 1 .958 1.971 1 .9 3 4 1 .932 1 .940 1 .9 6 8

B a 0 .0 0 6 0 .0 0 9 0 .0 0 9 0 .0 1 0 0 .0 0 4 0 .0 1 6 0 .0 0 7 0 .0 0 6 0 .0 0 6 0 .0 1 2 0 .0 0 0 0.011 0.011 0 .0 0 3

La 0 .0 0 5 0 .0 0 0 0 .0 0 1 0 .0 0 2 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0.001 0 .0 0 0 0 .0 0 0 0 .000 0 .0 0 6

C e 0 .0 0 4 0 .0 0 0 0 .0 0 3 0 .0 0 1 0 .0 0 0 0 .0 0 2 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 4 0 .0 0 0 0 .0 0 8 0 .008 0 .0 1 0

Th 0 .0 0 2 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .001 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0.001 0 .0 0 0 0 .000 0 .0 0 0

Total 1 5 .6 1 0 15 .621 1 5 .6 2 0 1 5 .5 9 2 1 5 .6 8 0 1 5 .6 4 0 15.641 1 5 .6 1 9 15 .6 4 7 15.641 15.601 15.601 15.606 1 5 .6 1 8

F 0 .7 7 9 0 .7 6 2 0 .7 6 8 0 .7 3 3 0 .8 2 6 0 .8 0 9 0.851 0 .7 6 9 0 .8 3 9 0 .7 5 0 0 .7 4 0 0 .7 1 9 0.641 0 .8 2 6

Cl 0 .0 4 8 0 .0 5 6 0 .0 4 8 0 .0 5 4 0 .0 6 2 0 .0 5 4 0 .0 5 7 0 .0 5 9 0 .0 5 7 0.051 0 .0 5 4 0.051 0 .059 0 .0 5 8

Table A 7.6 . EM PA results for the sixth traverse (parallel to cleavage) from unaltered biotite (no. 70) to inclusion
(no. 83).
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Sample V - UF200 FPC detector

200
o. 150

I I  Mn Ka

M id  Zr Ka
£  100  tn %JUL / Ka
c  50 \

0 I
60  70  8 0  90  100 110 120 130 140

29  diffraction  a n g le

Fig. A 8.1. Sample V XRF 20 scan.

S a m p le  JL - LiF200 FPC d etecto r

2 5 0

Mn Ka200
Cr Ka?

150

c  100

50

120
0

60 70 80 90 100 110 130 140

26  d iffraction  a n g le

Fig. A8.2. Sample JL XRF 20 scan.

S a m p le  Jl - L iF200 FPC d etecto r

2 5 0
Mn Ka

Nd Lb200
Nd La

150

c  100

Nd Lb2 
Nd Lb3

50

14080 90 100 110 120 13060 70

29 diffraction angle

Fig. A 8.3. Sample Jl XRF 20 scan.
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S a m p le  ZK - LiF200 FPC d etecto r
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20  d iffraction  a n g le

Fig. A8.4. Sample ZK XRF 20 scan.
I

S a m p le  YR - LiF200 FPC d etecto r
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8; 200
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® 100 c

50
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Fig. A8.5. Sample YR XRF 20 scan.
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Fig. A 8.6. Sample ZP XRF 20 scan.

299



Appendix

S a m p le  FA - LiF200 FPC d etec to r

200
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100
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0
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20 d iffraction  a n g le

Fig. A8.7. Sample FA XRF 20 scan.

S a m p le  ZO - LiF200 S cin t. d e tecto r
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5
CO
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Fig. A8.8. Sample ZO XRF 20 scan.

S a m p le  Y - L iF200 FPC d e tecto r

200
Mn Ka + Nd Lb3 
I Nd Lbi 4
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20 diffraction angle

Fig. A8.9. Sample ZN XRF 20 scan.
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S a m p le  Y - LiF200 FPC d etecto r

200
Mn Ka
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Zr Kai?  100
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Fig. A 8 .10. Sample ZR XRF 20 scan.
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ZK
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1200 1400 1600 1800800 1000
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Fig. A 8 . 11. Raman spectra o f  samples ZK (offset - 6  cm '1) and YR determined by spectroscope as containing 
Er3+.
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1 700 -
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Fig. A 8.12. Raman spectra o f samples ZN, ZO and ZR determined by spectroscope as containing Nd3+.
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Fig. A 8 .13. Raman spectra o f  sam ples V and FA determined by XRF as containing Y3+.
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Fig. A 8.14. Raman spectra o f  samples Jl, YR and ZN determined by XRF as containing Ndu .
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Fig. A 8.15. Raman spectra o f  samples JL, ZP and ZR determined by XRF as containing Cr3+.
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ZK
ZN24000-

2 2 0 0 0 - YR

2 0 0 0 0 -

18000-

1 6000-

ISO 200 250 350 400 450300
Raman Shift (cm-1)

ZK
ZN

30000-

25000-
YR

20000 -

15000-

10000-1
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Fig. A8.16. Raman spectra o f  samples Jl, ZK, ZN and YR. All are pale pinks and lavenders in colour.
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Fig. A 8.17. Raman spectra o f samples ZP and FA. Both are deep golden yellow in colour.
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Kyanite
L inearly p o la r ised  light
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Fig. A 15.1. Kyanite Raman spectra using linear and circular polarised light (* - offset in intensity for clarity).
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T ou rm alin e  
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Fig. A 15.2. Tourmaline Raman spectra using linear and circular polarised light (* - offset in intensity for clarity).
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Diopside
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Fig. A 15.3. Diopside Raman spectra using linear and circular polarised light (* - offset in intensity for clarity).
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Fig. A 15.4. Anglesite Raman spectra using linear and circular polarised light (* - offset in intensity for clarity).
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V e s u v ia n ite  
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Fig. A 15.5. Vesuvianite Raman spectra using linear and circular polarised light.
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Fig. A 15.6. Nepheline Raman spectra using linear and circular polarised light.

314



Co
un

ts
/a

rb
itr

ar
y 

Co
un

ts
/a

rb
itr

ar
y

Matthew J. Bloomfield Applications o f Raman spectroscopy
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Fig. A 15.7. Garnet Raman spectra using linear and circular polarised light. Spectra offset in intensity for clarity.
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Kemsnaw pic releases its new inorganic raman uaiaoase r a g e  i  0 1  i

Renishaw spectroscopy news releases

Renishaw pic releases its new inorganic Raman database

July 1999 - The Renishaw inorganic Raman database was introduced to fill a clear need for an enhanced 
identification tool for the gemologist. Since its introduction in 1997 its use and diversity of applications have 
increased greatly.

The database has now been extensively edited, and is significantly more powerful and easier to use than 
before. The spectrum descriptors have been expanded, now providing the sample name and its 
group/family, and a chemical/crystal structure description of the group or family, or a brief chemical 
identification. The main peak positions are listed, together with the geographical origin of the sample 
(where available).

One of the many new features is the inclusion of pointers to areas for further study. We have provided 
keywords that include the names of minerals commonly associated with the specimen, and other terms 
used to describe the specimen or the kinds of rocks or geological settings in which this type of mineral 
occurs. These enhancements make the text search facility of the database very powerful. For example, a 
text search for 'Feldspar1 gives 50 hits for spectra from 8 different species from the Feldspar group. This 
keyword search facility is especially useful in cases where solid solution mechanisms shift the positions of 
the characteristic Raman peaks making direct spectral searching difficult. A text search can be performed 
using a rock type, to generate a list of minerals that are commonly found in that type of lithology.

The database has also been expanded significantly; it now contains over 1100 spectra. The source 
samples have been selected from an enormous and thoroughly catalogued collection belonging to one of 
the leading gemologists in the field, ensuring the data are of high quality.

Please contact the Spectroscopy Products Division of Renishaw pic at the details given below if you would 
like a copy.

For further information contact:
Dr Ken W illiam s,

R en ish aw  pic
Old Town, W otton-under-Edge,

Gloucestershire, GL12 7DW, UK.
T elephone: +44 (0) 1453 844302, Fax: +44 (0) 1453 844236,

email: spectroscopy.r?ro'ducts@renishaw.com

ISpectroscopvl flnformationl [News releases! fRsnisbaw home page!

It is a condition of us allowing you free access to the material on this web site that you accept that 
Renishaw will not be liable for any action you take in reliance on the information provided.

Last modified 26  July 1999

ittp://www.renishaw.com/spectroscopy/info/news/renis005.htm 13/08/99

mailto:ducts@renishaw.com
http://www.renishaw.com/spectroscopy/info/news/renis005.htm
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