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ABSTRACT

Infrared spectra of diamond reveal the presence of broad absorption bands in the 
one-phonon region (1332 cm'1 to 900cm'1) which vary substantially within and between 
specimens in both structure and magnitude. These bands are sometimes accompanied by 
peaks in the vicinity of 1368cm1 and/or in the C-H region of the spectrum (3200 - 2800 
cm1). Previous research has shown that the 1-phonon bands are associated with the 
presence of nitrogen in diamond, largely in the form of defects whose structures are 
generally agreed to form an aggregation sequence from single nitrogen atoms (’N’) present 
in synthetic diamonds to 2-nitrogen (’A’) or 4-nitrogen (’B’) aggregates, and some type 
of extended defects of variable size known as "platelets" associated with the 1368cm'1 
absorption. The defect aggregation state can be altered in laboratory experiments only at 
high temperatures, because the rates are slow enough to result, in many diamonds, only 
in partial aggregation under Mantle conditions even in 3Gy, but the activation energy 
involved in the ’A’-»’B’ nitrogen aggregation process had not been determined, and it was 
not known whether a first or second-order process was involved.

This thesis reports the results of a series of experiments carried out at temperatures 
between 2250°C and 2650°C under a stabilizing pressure of 100 kb in order to determine 
this activation energy. The results indicated a second order process with an activation 
energy of 6.99eV for the ’A’ to ’B’ aggregation process. It has been shown that replicate 
measurements of infrared spectra taken using an infra-red microscope lead to a substantial 
reduction in the errors involved in determining the degree of aggregation which takes place 
during the experiment The ratio of the ’B’:’A’ nitrogen absorption coefficients (.177) was 
in good agreement with values obtained from infrared measurements on large diamonds 
by other workers. The relationship between the platelet peak intensity and the extent of 
’B’-nitrogen aggregation has been altered by the laboratory experiments, but no explanation 
for this effect has been found.

The nature of the graphite formed from the diamonds has been investigated, and 
its preferred orientation has been determined in relation to the morphology of the 
specimens. The preferred orientation is not necessarily related to the faces present on the 
specimen, but always includes the expected parallelism of the hexagonal graphite axis and 
the trigonal diamond axes.

It has been shown that the activation energy obtained can be used to calculate the 
storage temperatures for different diamond populations from their infrared spectra, for 
comparison with results obtained from inclusion geothermometry, and that better 
comparisons can be made from diamond plates polished to expose inclusions and permit 
infra-red spectra to be obtained nearby.
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CHAPTER ONE

Introduction

This thesis is essentially an experimental investigation into the nature o f 

defect kinetics in diamond, with the aim o f interpreting the growth histories o f 

diamonds. O f particular interest are the comparison o f the histories o f diamonds 

from different locations and also in the differences between diamonds from the 

same source.

1.1 The importance of diamond as a probe for the upper mantle.

The carbon allotrope; diamond, is the hardest known substance on earth. It 

is a very pure, three-dimensional lattice of carbon atoms in the sp3 configuration.

Diamond is the high pressure form of carbon, the low pressure form being 

graphite. Diamond is thermodynamically unstable with respect to graphite, but at 

room temperature the diamond -> graphite phase change is kinetically very slow. 

The assumption that natural diamonds must have formed within their stability field, 

irrespective of whether they grew from carbon rich fluids (e.g. C02 or CH, ) or 

from the solid phase (e.g. directly from graphite or by solid state diffusion), 

defines a pressure/temperature window from which they must originate. The extent 

of this window is still being argued but will depend not only on the geotherm but 

on the redox conditions within the earth at depth. It seems likely, however that 

diamonds originate from depths greater than 150 kms, i.e. from the upper mantle 

or lithospheric root zones.

Diamonds are carried from their stability field to the earth’s surface by 

kimberlite and lamproite eruptions. As will be discussed in more detail in chapter 

2, they are thought to be preserved because of the low oxygen fugacities in the 

surrounding environment. It is possible that some kimberlites may experience a 

stepwise mode of ascent, resulting in the enveloped diamonds experiencing several 

different environments on their way to the surface.
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Diffusion through the diamond is extremely slow, because the diamond 

lattice is very strongly bonded, and so inclusions such as host rock minerals, will 

have been in a closed system as far as their isotopic and trace element 

compositions are concerned, since the diamond grew. Diamonds also contain 

volatile elements e.g. nitrogen and hydrogen, as substitutional atoms. These will 

also have been trapped since growth.

So diamond traps and protects samples of the earth’s upper mantle, 

transporting them, unaltered, to the surface, where they can be used to try and 

interpret conditions at depth in the earth. The study of diamonds and their 

impurities is therefore important to our understanding of the temperature, pressure 

and compositional variations in the upper mantle.

1.2 The conditions of diamond growth.

Diamond has important optical, thermal and mechanical properties, that make 

it a valuable industrial mineral. Because of this there has been a wealth of research 

into the physical properties of diamond. One particularly active area of study is 

into the structure and behaviour of small defects in diamond. Many of the defects 

have been well characterized, in particular, small nitrogen containing defects 

(chapter 4). The nature of some defects however, particularly extended defects, like 

’platelets’, are unresolved and there is still lively controversy over their structure 

and composition.

Although a vast amount of research has been undertaken with respect to 

growing synthetic diamonds for industrial use, by various means e.g. solid state 

diffusion in metal catalysts, shock conversion of graphite to diamond, or chemical 

vapour deposition, there is no general agreement on the mechanism of natural 

diamond growth, or even on the origins of the carbon reservoir.

Some of the current theories that have evolved from investigations of 

diamonds and their inclusions during the past century are discussed in chapter 

two. The main conclusions relevant to the work reported in this thesis are as 

follows

18



1] Apart from some micro diamonds, fibrous diamond coat and possibly 

cubic diamonds, diamonds are xenocrysts within the kimberlite or lamproite, and 

are not genetically related to the particular eruption that carried them to the 

surface, and are probably much older.

2] Diamondiferous kimberlites and lamproites are often restricted to ancient 

stable cratons, where the conditions necessary for defect aggregation may be 

expected to exist for long periods before emplacement occurred.

3] There are two primary suites of inclusions found in diamond: Ultramafic 

(or Peridotitic) and Eclogitic. The host diamonds may have had substantially 

different histories which could affect defect aggregation. Brief characteristics of 

diamonds from the two suites are as follows

a) Peridotite suite diamonds.

These diamonds grew between about 3.2 and 3.3 Gy ago (Gy = 109 years). 

They have a narrow range of 813C; between -5 and -9%c, which approximates the 

range for mantle carbon, and the 834S is also very close to the mantle value for 

sulphur. These diamonds are thought to have grown in thick cool lithospheric roots, 

below stable cratons, as carbon rich fluids, degassing from the mantle below met 

a different pressure-temperature-redox environment at the base of these roots, 

between about 140 and 180 km deep.

b) Eclogite suite diamonds.

These have tentatively been divided into two further types. Nitrogen rich 

stones and nitrogen poor stones. The nitrogen rich stones have 813C values that 

are very similar to the peridotite suite diamonds. The nitrogen poor stones have 

a wide range in 813C, (+2.5%o to -35%o) centred around -15%o. This has led to 

suggestions that the source carbon may contain reworked biogenic carbon, although 

some workers prefer to explain the light 813C values as being due to some 

unknown fractionation process.

8*S measurements on eclogite suite diamonds have given values of around
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+8%o, i.e. heavy with respect to the mantle. It has been suggested that this may be 

due to the introduction of subducted oceanic crust which has been hydrothermally 

altered by seawater, into the diamond source region. Eclogite suite diamonds grew 

between about 1.58 and 0.99 Gy, which would allow ample time for the 

introduction of subducted material.

4] Variations in the infra-red spectrum at different points across a diamond, 

show that many diamonds have experienced multi-stage growth. In particular many 

diamonds have an opaque ’coat’ (sometimes fibrous) that may be associated with 

emplacement. In addition, cathodo-luminescence photographs often show fine scale 

zoning of both crystallographic and irregular kinds indicating numerous changes in 

conditions during growth.

1.3 The aims of this project.

One of the primary aims of this work was to study the rates of aggregation 

of the small defects in diamond, of which, the ’N’, ’A’ and ’B’ centres each have 

distinctive absorption profiles in the mid infra-red. This allows their relative 

proportions or the change in their relative proportions with time to be determined.

It has been shown by Evans and Qi (1982), that these small defects are 

members of an aggregation sequence, such that; ’N’ centres aggregate to give ’A’ 

centres and ’A’ centres aggregate to give ’B’ centres. Extensive work has already 

been done on the aggregation of ’N’ centres to ’A’ centres, and the activation 

energy for this reaction is thought to be 5eV (482.4 KJmol'1) (Evans and Qi 1982). 

They also suggested that for the aggregation of ’A’ centres to ’B ’ centres, an 

activation energy between 6.5 and 7.6 eV (627 and 733 KJmol*1) would be 

consistent with the observed ’A’/ ’B’ distribution in natural diamonds, assuming 

temperatures between 900 and 1400°C were involved, whereas activation energies 

above 8 eV (772 KJmol*1) would require temperatures above 1250°C to produce 

20% aggregation within times less than the age of the earth. They suggested that 

to determine a more reliable value for the actual activation energy for this process, 

a more accurate measurement of the temperature during high pressure aggregation 

experiments would be needed.
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The aim of our experiments was to determine the temperature dependence 

of the aggregation of ’A’ centres to ’B’ centres, and also to investigate the 

relationship between formation/decomposition of the platelets and the ’A’/ ’B’ 

aggregation state. During these experiments we have used the same equipment as 

Evans and Qi. An unsuccessful attempt was made to find a more reliable 

thermocouple. Accuracy could only be improved by allowing for a temperature 

gradient across the heater cylinder, and assuming that the gradient is a function 

of the temperature reached.

The particular interest in this second aggregation process is that it is very 

slow on a geological time scale, at the sort of temperatures that diamond would 

have experienced. So knowing the present state of aggregation of the defects in 

a diamond, ought to tell us something about its history.

1.4 The main experimental techniques utilized for (1) defect aggregation and

(2) aegregation assessment.

1.4.1 Ultra high pressure / hieh temperature experiments.

The process being studied is extremely slow at geological temperatures 

(about 900 to 1400°C), it was therefore necessary to heat the samples to about 

2500°C for a few hours in order to observe any appreciable aggregation. To keep 

the diamonds within their stability field at this sort of temperature, they were put 

under 100 kb triaxial pressure. These conditions could be reached using the high 

pressure facility in the physics department at the university of Reading.

Even under these conditions a layer of graphite formed on the surface of 

the diamonds. This gave us the opportunity to study the structure and rate of 

formation of graphite at 100 kb. These investigations will be reported in chapter 

7.

1.4.2 Infra-red microscopy.

Spectra taken both before and after heating were used to monitor the change
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in the concentrations of different defects, and hence deduce the extent of 

aggregation.

The Crystallography and Mineral Physics unit here at University College is 

equipped with a Bruker IFS45, Fourier transform infra-red spectrometer equipped 

with a microscope. Using a microscope results in a significant improvement on 

previous infra-red spectrometers, for the reason that diamonds are not homogeneous 

and often have elaborate zoning. With conventional spectrometers the large area 

over which the spectrum is collected (~1 mm2) may well cover two or more 

different horizons. The risk of this is significantly reduced if the spacial resolution 

is only 80 |im as is the case with the infra-red microscope.

The microscope was used to find suitable specimens for the high temperature 

/ high pressure experiments, (i.e. ones that were reasonably homogeneous), and also 

to record any variations that did exist across these stones. This allowed several 

points on the same stone to be used independently for kinetic measurements.

The microscope was also used to make maps of the defect distribution in 

larger zoned specimens. The ultimate aim of the project was to use the kinetic 

data from the experiments to try and interpret the differences between the spectra 

from different diamonds and adjacent zones in the same diamond.

1.5 Electron irradiation prior to the high pressure / high temperature 

experiments.

The rate of diffusion of *N* centres was known to be dependent upon the 

concentration of vacancies. It has been found that, by increasing the vacancy 

concentration, radiation damage enhances diffusion and hence aggregation of *N* 

centres (Collins 1980). The mechanism involves the collision of an *N* centre 

with a faster moving nitrogen-vacancy pair, producing an H3 centre (a nitrogen- 

vacancy-nitrogen defect). H3 is unstable with respect to an ’A’ centre and so 

decomposes to give an ’A’ centre and liberates the vacancy which can then repeat 

the process. The effect of radiation damage on the aggregation of ’A’ centres was 

unknown, although in view of the relative instability of the H3 centre, it seemed 

unlikely that this defect would play a major role in producing higher rates of
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aggregation. It is thought that diamonds have quite commonly suffered natural 

radiation damage, this damage could be caused by a whole range of irradiating 

particles. To investigate the effect of radiation damage on the aggregation processes 

under study, some of the diamonds used in the high pressure experiments were 

partially irradiated with high energy electrons (these are not representative of 

natural radiation sources, but the damage produced is easy to quantify). This would 

allow the measurement of aggregation rates from adjacent, damaged an undamaged 

areas in the same diamond.

1.6 A comparison of inclusion geothermometrv and infra-red spectroscopy as 

a temperature indicator.

In theory, if the activation energy of a reaction is known, and the extent 

of this reaction is also known, then given either the temperature or the duration 

of the reaction the other can be calculated, i.e. there are two unknowns. This is 

the case for our diamonds; to interpret the aggregation states given by the infra

red spectra, we need to be able to estimate either the storage time or the storage 

temperature for that diamond.

A pair of coexisting minerals, or a pair of minerals that are in equilibrium 

with the same liquid, will experience exchange of some elements across the 

solid/solid and solid/liquid interfaces, a dynamic equilibrium will exist. Depending 

on the elements concerned the equilibrium position may be pressure or temperature 

dependent, e.g. the Fe2+, Mg2+ partition between garnet and olivine is very 

temperature dependent because the exchange involves a large enthalpy change. If 

the exchange involves a large volume change, such as Aluminium moving between 

a tetrahedral site and an octahedral sight, e.g. A1 between garnet and enstatite, then 

the equilibrium position will be very pressure dependent.

When a pair of inclusions are trapped by diamond growth, the equilibrium 

is ’frozen in’ and so by measuring the compositions of pairs of inclusions of the 

right type, estimates can be made for the temperatures and pressures at which these 

inclusions were trapped. If these inclusions are coexisting, they will continue to 

equilibrate until being quenched when carried to the surface by a kimberlite or a
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lamproite. Coexisting inclusions should therefore give the temperatures or pressures 

experienced immediately prior to emplacement.

Dates for the entrapment of inclusions can be calculated from the analysis 

of various radiogenic parent/daughter isotopic ratios (e.g. 147Sm/143Nd, ^Rb/^Sr). 

From such work it is becoming clear that distinct groups of diamonds from certain 

locations, grew at different times during the earths history, e.g. the eclogite suite 

diamonds from Finsch grew about 1.58 by ago (Richardson 1989). If a date can 

be estimated for the diamond, then the aggregation state can be used to estimate 

the storage temperature of the diamond. We were anxious to test this, and because 

infra-red data had seldom been compared to geothermometric results, a set of 

inclusions from diamonds of known origin were analyzed using the Cameca SX50 

electron microprobe, equipped with four wavelength dispersive spectrometers, at the 

University of Purdue, Indiana. Inclusion geothermometers could then be compared 

directly with the infra-red spectra taken from the same stone. These experiments 

will be discussed in Chapter 5.
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CHAPTER TWO

The origins of natural diamonds.

2.1 Introduction

Although diamond has been much prized both as a tool and as a decorative 

stone, its origin has been, and still is, the cause of much debate. Prior to 1871 

diamond had only been found in placer or related deposits but during that year 

diamonds were discovered in South Africa in a rock of volcanic origin (Lewis 

1887). This discovery began an era of scientific investigation into the origins of 

diamond that still continues today.

Lewis (1887), described the South African rock as follows; "a very basic 

lava, largely olivine in a serpentinic ground mass, filling volcanic necks that cut 

through Triassic carbonaceous strata". He noted two categories of volcanic rock: 

The first, diamondiferous, were packed with carbonaceous shale fragments and 

resembled breccias, the second were non-diamondiferous and contained much less 

shale.

Lewis supported the contemporary theory that diamonds were secondaiy 

minerals produced by the action of lava on the enveloped carbonaceous shales. 

Lewis (1888) proposed that this diamond bearing matrix be named ’Kimberlite’, 

after the site of its original discovery, Kimberley, South Africa. However, the idea 

of a biogenic, crustal origin for diamond only lasted for a few decades before it 

was shown to be incorrect.

The discovery of diamonds within eclogite xenoliths from kimberlite (Bonney 

1899) suggested a much deeper origin for diamonds. There were two schools of 

thought The first believed that diamonds formed in deep ultrabasic rocks and were 

later carried to the surface by the kimberlite melt e.g. (Harger 1905), whereas the 

second school suggested that the xenoliths, and hence diamonds, were in fact 

related to the kimberlite e.g. (Du Toit 1906). The debate into the phenocrystal or 

xenocrystal origin of the majority of diamonds, especially those found within the 

kimberlite rather than in the xenoliths, has continued to the present day.
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2.2 Diamonds: phenocrysts or xenocrvsts?

Following the laboratory synthesis of diamond (Bundy et al. 1955), it became 

possible to study the graphite/diamond phase change (Bundy et al. 1961). The 

experimental equilibrium compares well with the position and slope of the curve 

calculated from thermodynamic data (Berman and Simon 1955) and confirms that 

diamonds must have grown at depth in the earth. In fact the Clarke and Ringwood 

geotherm (1964) was constructed using the carbon phase diagram; Kennedy and 

Nordlie (1968) suggested that diamonds grew stably below 200 Km.

Evidence of high temperature storage for some diamonds can be derived 

from the orientation of etch pits on the surface of diamond:- Laboratory etching 

experiments have shown that below 900°C, oxidizing agents produce positive 

trigons (triangular etch pits whose sides are parallel to the (111) faces), and above 

1000°C fused kimberlite, water and wet C02, produce negative trigons (rotated 30° 

in the (111) plane with respect to the positive trigons)(Phaal 1965). Observed 

textures on natural diamonds (Robinson 1978) suggest that nearly all diamonds 

have experienced temperatures greater than 1000°C. Kimberlite eruptions are 

thought to be relatively cool and rapid, due to the adiabatic expansion of C02 

(Mitchell 1973) with crystallization temperatures of around 600°, so from this 

evidence it would seem that natural diamonds must have experienced temperatures 

higher than those found in erupting kimberlites. This would most probably have 

been during a period of storage, either in the upper mantle or lower lithosphere 

prior to emplacement Rare positive trigons probably developed in near surface 

environments.

The presence of these high temperature trigons adds weight to the argument 

that diamonds are xenocrysts and did not grow during the kimberlite eruption. The 

presence of any etch features at all, means that the diamonds were in 

disequilibrium with the magma.

However, the most compelling evidence in support of the suggestion that 

diamonds are xenocrysts within kimberlite, comes from the radiogenic ages 

determined for some mineral inclusions in diamond*. The results of these studies
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are discussed in detail later in this chapter (when comparing the eclogite suite 

inclusions with the peridotite suite inclusions), but in general the ages based on 

Sm/Nd and Rb/Sr systematics for diamond inclusions are of the order of 10® - 

109 years whereas the age of the emplacement of some kimberlites are of the 

order of 107 years, (Richardson et al. 1984; 1986, Richardson 1989, Smith 1989). 

An exception is the eclogite suite diamonds from the Premier pipe; in this case the 

error in age determination of the inclusions overlaps with the age calculated for the 

kimberlite emplacement, although calculations based on the nitrogen aggregation 

state of many of these diamonds suggests that they experienced at least 106 to 

107yrs storage before being carried to the surface by the kimberlite (Richardson 

1986)**

There are however, some types of diamond that are much less obviously 

xenocrysts. One such type is are the very small micro-diamonds which often have 

very primitive nitrogen aggregation states, i.e. Ib to IaA, which suggests that they 

have never been very hot. Haggerty (1986) believes these may be related to active 

degassing immediately prior to kimberlite emplacement.

The other types of diamond that are not easily classified as xenocrystal are 

the filamentous diamond ’coat* and diamonds of cubic habit. These are full of 

submicroscopic inclusions. Robinson (1978) suggests that because of the coat’s 

similarity to metastable diamond grown in the laboratory (Deryagin and Builov 

1969) they might also have grown metastably.

The fibrous nature of diamond ’coat’ and small diamonds of cubic habit, 

suggest fast growth in an environment saturated with carbon, e.g. during 

accumulation and emplacement of the kimberlite melt (Boyd et al. 1987). Stones 

of cubic habit from Siberia (Galimov 1984) show similar characteristics to the 

Zaire stones suggesting that the volatiles involved in their formation have been 

derived from a common

* Unless otherwise stated, the term "diamond inclusion" will refer to "mineral 

inclusions in diamond"

** Personal communication from T. Evans and J.W. Harris to Gurney et al. 1986, 

cited by Richardson 1986.
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reservoir e.g. the mantle, with some MORB or OIB like characteristics.

Analysis of the micro inclusions found in the filamentous coats and cubes, 

shows these to be rich in H20 , C 02, Si02, K20 , CaO and iron oxides (Navon et 

al. 1988). The high volatile content suggests that they were included as a liquid. 

These micro inclusions are compositionally different from the host kimberlite, so 

Navon et al. consider that they are not phenocrysts, they suggest that the coats and 

cubes grew from the same source as the peridotite suite diamonds, (in an early 

kimberlite melt) but during late stage crystallization of this melt, when the fluid 

reservoir is rich in volatiles and incompatible elements. A later kimberlite then 

transports the diamonds to the surface. Another possible source is suggested to be 

an incipient melt of lithic material parental to kimberlitic rocks. Menzies (1988) 

comments on the above results, and suggests that the micro inclusions are small 

samples of ’proto-kimberlite’, trapped in a phenocrystal coating on xenocrystal 

diamond cores, grown during emplacement. Similar to Harte et al. (1986), Menzies 

(1988) explains that the composition of the primitive proto-kimberlite magma may 

have been very different to the kimberlite erupted at the surface, accounting for the 

difference in composition between the micro inclusions and the host kimberlite.

Thus there is uncertainty as to the origins of the fibrous ’coats’ and small 

cubic diamonds, although there is a consensus that the majority of diamonds are 

xenocrysts, the kimberlite merely being a vehicle that transports them to near 

surface environments.

2.3 Peridotite and eclogite suite diamonds.

Some of the common mineral inclusions found in diamond are olivine, 

garnet, chromite, enstatite and diopside in decreasing order of abundance, though 

the relative proportions differ within and between individual pipes. Meyer and 

Boyd (1972), note a number of differences between these included minerals and 

their analogues found in the kimberlite as xenocrysts or in the peridotite xenoliths 

within the kimberlite, e.g. olivine and garnet found in diamond are chrome-rich 

compared with their counterparts in kimberlite and peridotite xenoliths. It was 

suggested that the inclusions had crystallized in equilibrium with a liquid, the 

diamonds growing during an igneous event The later chemical re-equilibration at
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lower temperatures of the xenocrysts and constituent minerals of the peridotite 

xenoliths perhaps in volatile-rich liquids being responsible for the minor element 

differences between these minerals and their analogues found included in diamond. 

Some of the garnet inclusions examined were similar in minor element signature 

to those found in eclogite xenoliths, this was also reported by Sobolev and 

Lisoivan (1972). These garnets are orange coloured and almandine-rich as opposed 

to the other garnet inclusions that are purple-red and pyrope-rich. Inclusions in 

diamond can be considered as belonging to one of two suites; either to the 

peridotite (or ultramafic) suite or to the eclogite suite. The orange almandine-rich 

garnets belong to the eclogite suite of inclusions whereas the purple-red pyropes 

are members of the ultramafic or peridotite suite. Meyer (1987) gives details of the 

minerals belonging to each of these two suites; Table 2.01. The suites are 

distinctive, mutually exclusive and represent different sources.

2.4 Geothermometry and geobarometrv of mineral inclusions in diamond.

It was noted in section 1.5, that a coexisting and touching pair of inclusions 

should give the temperature and pressure of the assemblage as it cooled past a 

threshold temperature, below which diffusion of specific elements, would become 

slower than is needed to maintain re-equilibration of these elements at the same 

rate as the assemblage is being cooled. In the case of rapid cooling during 

emplacement, chemical equilibria between coexisting minerals is effectively 

quenched, so thermobarometers would record the conditions experienced during 

storage prior to emplacement. A coexisting but non-touching pair of inclusions 

would have been isolated from each other at the time that the diamond grew and 

so would have been prevented from further compositional changes at a later date, 

but alterations in site occupation could still occur. These inclusions would indicate 

the conditions prevailing at the time of diamond growth, provided the inclusions 

crystallized more or less simultaneously from the same melt.

There have been several attempts to investigate the assumption that the 

eclogite and peridotite suites represent different source regions by determining the 

chemistry of coexisting minerals trapped in diamond to standard geothermometers 

and barometers. The aim being to investigate the environments in which the 

eclogite and peridotite suites of diamonds grew. It is also a technique that can be
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used to investigate the range of conditions experienced by diamonds from within 

the same suite. One of the first studies (Meyer and Tsai 1976) used the partition 

of Fe2+ and Mg2* between garnet and diopside (Akella and Boyd 1974), and also 

the Ca2*/(Ca2* +Mg2*) ratio of included diopsides and enstatites (Akella 1974) as the 

thermometers for the peridotite suite diamonds. The barometer used was the A120 3 

content of an enstatite coexisting with a diopside (MacGregor 1974; Akella 1974). 

There have always been problems in applying suitable geothermometers and 

barometers to eclogite suite inclusions, although there is now a gamet- 

clinopyroxene geothermometer, the partitioning of Mg2+ and Fe2* (Akella and Boyd 

1974; Raheim and Green 1974). Large ranges for equilibration temperature were 

found; 1000 to 1300°C and 45 to 65 Kb for the peridotite suite and 850 to 1250PC 

for the eclogite suite. These early results were not very conclusive,but showed the 

potential use of inclusions in investigating the region in which diamonds formed 

in the upper mantle.

A more recent investigation into diamond inclusions (Boyd and Finnerty 

1980) concentrated on the peridotite suite. Diamond-bearing peridotite xenoliths 

are very rare; only 18 specimens have been discovered, 16 from Yakutia, USSR 

(Pokilenko et al. 1977), one from the Mothae kimberlite in Lesotho (Dawson and 

Smith 1975) and one from Wyoming (McCullum and Eggler 1976). Inclusions from 

these xenoliths and from other peridotite suite diamonds were analyzed. Most of 

the diamonds were associated with a dunite or a harzburgite paragenesis (only two 

of the diamond-bearing xenoliths are lherzolites). A geothermometer, the partition 

of Fe2+ and Mg2* between garnet and olivine (O’Neill and Wood 1979), shows that 

the xenoliths have equilibrated below 1100°C and the majority of peridotite suite 

diamonds, below 1150°C. They interpret this result as indicating that these 

diamonds would have grown in a sub-solidus environment. However, Gurney et al. 

(1979) propose that the peridotite suite inclusions and 98% of the Finsch diamonds 

crystallized in a partial melt of garnet lherzolite in the presence of water and C02. 

These volatiles would lower the temperature needed to form a partial melt (Harte 

et al. 1980) to around 1100°C. Harte (1980) proposed a relationship between the 

peridotite suite inclusions/diamondiferous peridotite xenoliths and the common 

non-diamondiferous peridotite xenoliths. Because the latter have depleted 

characteristics, i.e. low in Cr and Mg/(Mg+Fe) relative to the peridotite suite 

inclusions associated with diamonds, he suggested that the former are derived from
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a partial melt of the latter. To explain the extremely rare occurrence of 

diamondiferous peridotite xenoliths, Boyd et al. (1983) suggest that the xenoliths 

were rich in magnesite and during the kimberlite eruption this carbonate rapidly 

reacted, releasing C02, violently disaggregating the rock, and releasing the 

diamonds into the kimberlite. There is of course no evidence for this as the 

proposed mechanism requires the decomposition of the carbonate leaving no 

residue!

In a review of geothermometry and barometry, Boyd and Gurney (1986) 

show that for the Kaapvaal craton, peridotite diamond inclusions are largely sub

solidus, whereas the eclogite suite diamond inclusions generally formed at higher 

temperatures and are probably igneous in origin. The solidus they quote is that of 

ultramafic compositions in the presence of H20  and C 02 and is approximately 

1150°C at 50 Kb (Eggler and Wendlandt 1979). As far as the peridotite suite 

diamonds are concerned, this is the opposite conclusion to that made by Gurney 

et al (1979). In the same paper, Boyd and Gurney use geothermometry of mantle 

xenoliths to map out the lithosphere /asthenosphere boundary of the Kaapvaal 

craton. They conclude that it reaches depths of between 170 and 190 Km in the 

centre and is about 140 Km beneath the surrounding mobile belts, evidence 

perhaps, of lithospheric roots below cratons (Davies 1979). Geothermometry shows 

that temperatures in the craton root were between 900 and 1200°C.

A more recent investigation into the eclogite suite diamonds from Argyle 

and Ellendale lamproites in Australia (Griffin et al. 1988) found the inclusions 

grew in a medium depleted in Mg, Ni and Cr but enriched in Na, K, Ti, Zn, Cu, 

Ga, Rb and Sr relative to type I eclogites from Roberts Victor. Omphacite 

inclusions were high in K and K/Rb. Geothermometry on coexisting garnet and 

clinopyroxene inclusions give temperatures in the range, 1085 -> 1575°C. It is 

not clear if this range reflects temporal or spatial variations in the origin of these 

diamonds. Griffin et al., suggest that the diamonds grew slowly as solid state 

porphyroblasts, promoted by a fluid flux that introduced or liberated carbon and 

strongly modified the composition of the host rock. They report different major and 

trace element compositions between single phase inclusions within the same 

diamond, indicating very slow growth that trapped mineral phases at different 

stages of diamond development.
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2.5 Radiogenic dating of mineral inclusions in diamond.

Radiogenic ages of mineral inclusions in diamond clearly show that there 

is a very long period of storage between diamond growth and emplacement in the 

earth’s crust. The few analyses available also show differences in formation ages 

between the eclogite and the peridotite suite diamonds from all localities 

investigated. Because of the small size of most diamond inclusions, the isotope 

analyses have to be performed on ’batches’ of inclusions, carefully selected to 

have similar characteristics so that the assumption that they grew at comparable 

dates could be made. It is only very recently that improved sensitivity of the 

instrumentation has allowed single inclusions to be measured.

Kramers (1979), provided the first investigation of radiogenic isotopes in 

the study of silicate and sulphide inclusions in diamond, including clinopyroxenes 

from xenoliths, in South African kimberlites. Ages based on lead isotopes for 

diamond inclusions from Finsch and Kimberley were found to be greater than 2 

Gy, whereas lead isotopic data for xenoliths have ages of about 2.5 Gy. Kramers 

concluded that for Finsch and Kimberley the diamonds may be co-genetic with old 

rock provinces in the sub-continental mantle although the emplacement of 

kimberlites is much more recent, i.e. * 90 my - in the Cretaceous. For Premier 

mine (South Africa) however, sulphide inclusions gave ages close to the 

emplacement age of the kimberlite, i.e. 1.2 Gy. In criticism of Kramers, Gurney 

(1979), suggested that for Finsch, the peridotite suite diamonds are young (around 

the age of emplacement), but the eclogite suite diamonds are much older. However, 

Harris and Gurney (1979) had already demonstrated that peridotite suite diamonds 

constitute 95% of Finsch diamonds.

Richardson et al. (1984) used Sm-Nd and Rb-Sr methods of dating for 

peridotite suite garnet inclusions from Finsch and Bultfontein kimberlites, South 

Africa, and obtained model ages of between 3.2 and 3.3 Gy. It was concluded 

that the diamonds grew in an enriched sub-cratonic mantle and that the mechanism 

of this enrichment was the extraction of komatiitic lavas at about 3.5 Gy.
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Radiogenic isotope studies on eclogite suite inclusions, in general give much 

younger ages than for the peridotite suite inclusions (Richardson 1986). From 

Premier mine 60% of the stones examined were eclogitic, and the inclusions gave 

Sm-Nd ages of about 1.15 ± 0.6 Gy, similar to the that of emplacement (about 1.2 

by). 90% of the diamonds examined from the Argyle mine (Western Australia) 

were eclogitic and gave ages of about 1.58 Gy, the emplacement age is about 1.13 

Gy. Eclogitic garnets and clinopyroxene inclusions from diamonds found in the 116 

my old Finsch kimberlite, give an isochron age of 1580 ± 50 my (Richardson 

1989), and from the 93 my Orapa kimberlite, the eclogite suite inclusions define 

an isochron age of 990±50 my. These results were produced by analyzing only a 

few samples, but it would seem that the peridotite suite diamonds grew between 

about 1.5 to 2.0 Gy before the eclogite suite diamonds. These results are 

summarized in Figure 2.01.

2.6 Stable isotope studies of diamonds.

Extensive carbon isotope studies of diamond (Kovalskii and Cherskii 1973, 

Deines 1980) have demonstrated that most diamonds have 813C values in the range 

-5 to -9 %o with some occupying a wider range from +2.7 to -34.4 %o. The first 

range is considered to be the 813C ratio of primary mantle carbon, the wider range 

is explained as being due to subducted sedimentary carbon. Sobolev (1979) first 

demonstrated that diamonds with peridotite suite inclusions fitted the small, well 

defined range (-5 to -9 %o), whereas the eclogite suite stones occupied the wider 

range. It was later shown by Milledge et al. (1983) that Type II (nitrogen free) 

diamonds also covered a large range in 513C. Small variations are seen within Type 

I (nitrogen containing) diamonds, with a trend for isotopically light cores (first 

grown diamond) and heavy rims ( later diamond, overgrowing the cores), this range 

could be up to 4 %o (Swart et al 1983). They attribute these differences to a 

Rayleigh distillation type process, the wider range in Type II stones being 

attributed to variation in the carbon reservoir, dictated largely by the nature of 

recycled crustal material (biogenic carbon having a 813C of about -24 %c).

Deines et al. (1984) found from the samples that they measured (Finsch 

and Premier pipes) that there was no correlation between the variations in 813C 

and the colour, shape or deformation of the diamonds. They do however find that
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the data are consistent with the mantle being heterogeneous with respect to the 

isotopic composition of the carbon reservoir.

Swart et al. (1983) and Javoy et al. (1984) observed that small octahedral 

diamonds (1-2 mm) from Mbuji Mayi in Zaire, show large internal variations in 

813C. They suggest this is evidence that diamond grew slowly in small fractionating 

carbon reservoirs, although they do not comment on the actual time scale of this 

growth. Presumably it would have to be long enough to allow for depletion of 12C 

or enrichment of 13C in the carbon reservoir as a whole, because local 

depletion/enrichment next to a growing crystal face would rapidly equilibrate with 

the bulk reservoir. They do not observe variations of 813C in large gram size stones 

(at least on the » 0.1 g scale of the fragments analyzed, on average 50 times larger 

than the fragments analyzed for the small diamonds) and suggest that these grew 

quickly from a large carbon reservoir, e.g. during emplacement (71 my). 

Alternatively their sample size may hide cyclic zoning on a scale that would not 

be detected by the size of fragment analyzed. If this was the case, these larger 

stones may also have grown in small fractionating reservoirs that were regularly 

renewed with fresh carbon of similar 813C.

Deines et al. (1987) observed two 813C populations for diamonds from the 

Roberts Victor pipe, in South Africa. The first has 813C of about -5 %o\ all the 

peridotite suite diamonds and the nitrogen-rich eclogite suite stones fall in this 

population. The second population has S13C of about -15 %o and is made up of 

nitrogen-free, eclogite suite diamonds.

It was noted that for the heavy carbon diamond population, the total nitrogen 

content decreases with increasing equilibrium temperature. The authors suggest that 

the nitrogen free, light carbon population were formed at greater depths and at 

higher temperatures. Although several hypotheses were considered to explain the 

S13C distributions, for example: 1) High temperature fractionation. 2) The light 

813C is due to subducted biogenic carbon («-24 ) although mixing this with mantle 

carbon (~-5%c) would not necessarily give such a tightly defined second population.

3) The mantle is heterogeneous with respect to 813C, this was inherited directly 

from the material that accreted to form the earth, the authors do not suggest which 

is the most plausible.
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Chaussidon et al. (1987) analyzed the sulphur isotopes of sulphide inclusions 

in diamonds from the kimberlites of Premier (South Africa) and Orapa (Botswana). 

The Premier diamonds were of the peridotitic suite and the inclusions octahedral 

in shape. The Orapa diamonds were eclogitic and all but one of the sulphide 

inclusions were platy. The octahedral (peridotite) sulphides had a S^S of about 

+2.3 %o whereas the platy (eclogite) sulphides had 5MS of about +8.2 %o. Mantle 

is about 0 %o, which is close to that of the octahedral inclusions. It was 

suggested that the two distinct inclusion habits represent growth in different parts 

of the mantle at different times. Chaussidon et al. conclude that the most likely 

origin of the enriched is from subducted seawater-hydrothermally altered 

oceanic crust contaminating the upper mantle. Such crust could be enriched to 8’s 

of +10 %o. If this were the case, the rate of evolution and subduction of oceanic 

crust would imply that these inclusions were younger than 2.5 by, which would 

agree with ages for eclogite inclusions from the Premier, Argyle, Finsch and Orapa 

pipes of between 0.99 and 1.58 by (Richardson 1986 ; 1989).

The other stable isotope pair that has been investigated, although with limited 

success, is 14N and 15N. The main problem is that the low concentrations of 

nitrogen in most diamonds (several 100’s of ppm) make the 815N ratio very 

difficult to measure accurately. An investigation of diamonds from Mbuji Mayi, 

Zaire (Javoy et al. 1984) observed that 515N covers a wide range (-7.5 to +5.5%c 

with a mean of « -6.5%o), and that it is negative with respect to sediments (0 to 

+20%o), MORB (~  +20%o) and the atmosphere ( ~ 0%c). Mixing of these with a 

deep seated mantle source (815N * -11 %o) will not completely explain the 

observed range, to do this, some fractionation process is needed.

Most of the stable isotope studies discussed so far were made on whole 

stones or on relatively large fragments from diamonds broken for the purpose, 

although there had been some indications in the earlier work that isotope 

distribution was inhomogeneous.

A major collaborative research project was therefore undertaken by Dr. C.T. 

Pillinger, Dr. Mendelssohn, Dr. Milledge and Dr. Seal in order to ensure that the 

spatial distributions of stable carbon and nitrogen isotopes could be investigated

37



properly. Polished diamond plates were mapped by infra-red spectroscopy, and 

laser-dissected into suitable aliquots for which the carbon and nitrogen isotope 

distributions could be obtained simultaneously. The result of this research (Boyd 

et al. 1887) showed that relatively large isotope variations were frequently found 

within a single coated stone, and although the cores varied greatly, coats from all 

over the world were very similar. Systematic studies of this type are continuing for 

diamonds from many localities (Milledge et al. 1989) as it is becoming widely 

recognised that isotopic results on whole stones may give misleading results.

2.7 Noble gases in diamond.

The first results in a series of investigations of noble gases in diamond were 

published by Ozima et al. (1983). They came to two main conclusions:- The first, 

that the 3He/4He ratio’s were very high, tending towards solar values, and the 

second, that diamonds had more 40Ar than expected. The first conclusion suggests 

that the diamonds have ages close to the age of the earth and so were isolated 

from any 4He produced later by the decay of uranium and thorium. However, Kurz 

et al. (1987) provided evidence that some 4He in diamonds is radiogenic. The 

evidence came from step-heating experiments on diamonds from the Orapa mine. 

It was demonstrated that whereas the 3He was released at a constant rate, the 4He 

was mostly released during the early stages of heating. Kurz et al. interpreted these 

results as being due to the 4He concentrating around defects caused by the presence 

of uranium and thorium. Graphitization during the early heating in vacuum should 

centre around defects, and so will release the bulk of the radiogenic 4He. 

Nevertheless the Tie/Tie ratio’s obtained were still high. The excess ’cosmogenic’ 

Tie is explained (Kurz et al. 1987) as being due to nuclear reaction products that 

are produced in situ. The reaction proposed is 6Li (n,a) T -> 3He. The authors 

calculate that if [Li] « 1 ppm then an initial ’solar’ helium would not be needed 

to explain the high Tie/Tie ratios. Alternatively, Lai et al. (1987), after studying 

a set of Zaire alluvial diamonds, suggested that a large percentage of the Tie could 

have been produced by exposure to cosmic rays, if the diamond had spent a 

significant time (~ 1 my) only a few meters below the earth’s surface after being 

emplaced.

The second conclusion by Ozima et al. (1983) was that diamonds had more
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40At than expected. Ages of diamond determined by K-Ar techniques give values 

of up to 6 by; as this is older than the earth, one assumes something is in error. 

Zashu et al. (1986) obtained similar results on cubic diamonds from Zaire, that had 

no visible impurities. This error is explained as being most probably due to an 

enriched initial K isotopic composition, that is caused by cosmic-ray irradiation of 

metallic particles during the earths accretion, producing spallogenic 4°K  (a feature 

also seen in Fe meteorites). If parts of the mantle were enriched in cosmogenic 

then this may have in turn produced diamonds with an enriched initial 40K/K ratio.

Recent step heating experiments (Ozima et al. 1989) on Zaire cubic 

diamonds have shown that similar to 4He, the 40Ar may only be enriched on 

specific sites in the diamond. There is a good correlation between thermal release 

patterns for 40Ar, Cl and K, and it is concluded that they are being released from 

micro fluid inclusions. Ozima et al. invoke a two stage growth model, proposed 

by S.R.Boyd et al. (1987), to explain this observation. First a clear diamond grows 

slowly in the mantle region with solar like, low ^Ar/^Ar ratio’s, followed by fast 

growth of a coat about the clear diamond core in the upper mantle, trapping fluid 

inclusions enriched in 40Ar.

Measurements of neon on 5 cubic diamonds (Zaire) (Ozima and Zashu 1988) 

result in “ Ne/^Ne ratios that fall along a line between solar and atmospheric neon. 

The latter is thought to be due to contamination during measurement, so these 

diamonds have ’solar’ Ne ratios. They also have excess 21Ne which, because of the 

lack of excess 21Ne in gem diamonds from Argyle (W. Australia) and Arkansas 

(U.S.A), (Honda et al. 1987), Ozima and Zashu attribute to in-situ nuclear reactions 

caused by the decay of uranium in spinel type micro-inclusions.

2.8 Where did diamonds grow?

Low-Ca garnets are found, as small, discreet grains, in some kimberlites as 

well as in peridotite suite inclusions. In the case of Southern Africa, both 

occurrences are restricted to being within the limits of the old Archaean Kaapvaal 

craton. Boyd et al. (1983) explain this restricted occurrence by suggesting that in 

cratonic regions the lithosphere is very thick and extends into the diamond stable 

region where conditions would allow diamonds to grow, whereas in the
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surrounding, mobile belts the lithosphere is much thinner and pressures are too low 

to allow stable diamond growth. Figure 2.02 shows the global distribution of 

diamondiferous kimberlite/lamproite fields

Rogers and Hawksworth (1984) disagree with Boyd et al. (1983) and suggest 

that the carbon flux in the Archaean was much higher than the present day, and 

that there were localized regions of high carbon concentration. Once the diamonds 

formed they were only preserved in stable cool cratonic regions.

Shulze (1986) notes that peridotite suite diamonds and the extremely rare 

diamond-bearing ultramafic xenoliths, both contain sub-calcic garnets. He believes 

that serpentinization is very good at removing calcium from bulk rock and suggests 

that diamonds grew in subducted oceanic lithosphere that had been serpentinized. 

At depths of 55-60 Kb and 1100°C the subducted lithosphere would equilibrate to 

harzburgite, producing the sub-calcic garnets and high-Mg olivines found as 

diamond inclusions. The diamonds only survive in cratons, where they are 

protected from tectonic events.

Conversely, Haggerty (1986) considers that it is the eclogite suite diamonds 

that have a crustal origin. He proposes that low pressure melts (basalts or gabbros) 
underplated or trapped in developing lithosphere, metamorphose to give dense 

eclogite pods. These sink and accumulate at the asthenosphere/lithosphere boundary, 

which in deep root zones is within the diamond stability field. Sulphides in these 

pods melt to give immiscible liquids, on reaching carbon saturation, diamonds 

crystallize. Sulphur and nitrogen are considered important catalysts in the reduction 

of C 02 to carbon. These diamonds continued to grow by solid state diffusion, 

producing some very large Type II (nitrogen free) diamonds. For the peridotite 

suite stones, Haggerty proposes that rising primordial carbonaceous gasses meet a 

relatively cool, deep lithospheric root, between the Wustite-Magnetite, Iron-Wustite 

f 0 2 boundaries. Here, these gasses are ’cracked’ giving a ’soot’ on the under 

surface of the lithosphere. Diamond growth then proceeds by solid state diffusion. 

Long growth periods would yield macro-diamonds, possibly showing multi-stage 

growth characteristics (zoning).
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2.9 Summary.

In summary, the following facts are pertinent to the origin of terrestrial 

diamonds (excluding bort and carbonado):

1] Apart from some micro-diamonds and possibly fibrous ’coat’ and cubic

diamonds, diamond growth is not contemporary with kimberlite or lamproite 

emplacement. These rocks, when magmas, are merely vehicles that transport 

diamond to near surface environments.

2] Diamondiferous kimberlite and lamproite are often restricted to ancient

cratons.

3] There are two suites of primary inclusions found in diamond:

a) Ultramafic or Peridotitic.

b) Eclogitic.

4] Peridotitic suite diamonds have a narrow range of 813C (-5 to -9 %o). This 

is interpreted as being the 813C ratio of mantle matrix. The 8*S of peridotitic 

suite diamonds is also close to that of the mantle (+2 and 0 %o respectively).

5] The isotopic data for eclogitic suite diamonds shows that there are two

groups :

a) Nitrogen-rich diamonds. These have 813C ratio’s of the same restricted 

range as the peridotitic suite diamonds.

b) Nitrogen-free diamonds. These have a very wide range of 813C values, 

centred around -15%o. This is interpreted as being due to the mixing of recycled 

crustal carbon with the reservoirs from which the diamonds have grown, although 

some workers prefer to explain it as being due to unknown fractionation processes.

6] There are reports that the nitrogen-free eclogite suite diamonds have high 

equilibration temperatures. Inclusions from some Argyle (W. Australia), eclogitic
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suite diamonds (of unknown nitrogen content) have given equilibration temperatures 

of up to 1575°C, suggesting a very deep origin, local fluctuations in temperature 

or abnormally high mantle temperatures.

7] The S^S ratios for the eclogitic suite diamonds (only a small number of 

samples have been measured), are enriched with and have ratios of about +8%o. 

It has been suggested that this could be a relic of subducted seawater- 

hydrothermally altered oceanic crust.

8] Based on the limited data available the peridotitic suite diamonds appear to 

have formed between 3.2 and 3.3 Gy. The eclogite suite diamonds, however, 

appear to have grown over a much longer and more recent period, i.e. 1.58 Gy 

to 0.99 Gy.

If subducted oceanic crust were the source of the light 813C and heavy 834S 

ratios observed in nitrogen-free eclogitic suite diamonds, then the earth would have 

had to have evolved to a stage where subducted oceanic slabs had reached depths 

within the diamond stable region ( > = 150 Km) before these diamonds grew. 

If the light 813C ratios were generated by the biological carbon-cycle then there 

would have to have been life on earth before these slabs were subducted. This 

could explain why these diamonds consistently give ages of less than 2.0 Gy.

9] Variations in the infra-red spectrum at different points across a diamond, 

show that many diamonds have experienced multi-stage growth. In particular many 

diamonds have a fibrous ’coat’ that may be associated with emplacement.

Cathodo-luminescence photographs show that many diamonds have been 

subject to fine scale fractionation processes during single growth steps.

It is should be noted that, although the number of diamonds analyzed is 

ever increasing, some of the above conclusions, in particular 4 - relating to 8S, 

5, 6, 7 and 8, have been drawn from very limited data sets.
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CHAPTER THREE

The diamonds used in this work.

3.1 Introduction.

As discussed in chapter 1, the primary aim of these experiments was to 

investigate the kinetics of aggregation of ’A’ centres to give ’B’ centres. An 

expression for the concentrations of these defects can be obtained from the one 

phonon region of the infra-red spectrum. Spectra taken before and after a heating 

experiment in which a diamond was heated to a known temperature for known 

length of time, enabled us to deduce the rate coefficient for aggregation at that 

temperature. Aggregation is extremely slow and therefore very harsh conditions 

were needed to produce measurable aggregation rates. This was in part responsible 

for the factors used in selecting samples for these experiments. These will be 

discussed in section 3.2.

Towards the end of this project it became possible to do some 

geothermometric work on diamond inclusions. The samples selected for these 

experiments had to fit a completely different set of criteria, these will be discussed 

in section 3.4.

3.2 The criteria used in selecting diamonds for the high temperature / high 

pressure experiments.

Of the many factors affecting the choice of samples for our experiments, 

the primary limiting factor was the internal dimensions of the heater cylinder. 

Before heating, the cylinders were ~3mm deep with a diameter of ~3mm. Heating 

these at 100 kb caused a certain amount of compression and deformation, the final 

diameter being closer to 2.5mm. The cylinder must contain a thermocouple as well 

as the diamond, this reduces the space available for the diamond. Allowing for the 

fact that the diamond must not come into contact with the graphite or with the 

thermocouple, the maximum practical diameter for the diamond is about 1mm. 

Diagrams of heater cylinders are presented in chapter 4, Figures 4.05 and 4.09.
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The primary aim of the experiments was to measure the rate coefficients 

for the loss of ’A* centres at a range of temperatures. For a given temperature 

the rate of ’A’ aggregation will increase with increasing ’A’ concentration.

So the second criterion should be that the diamond has a high concentration 

of ’A’ nitrogen in order to produce more significant changes in the concentration 

of ’A* centres. However there are competing criteria relating to infra-red absorption 

measurements

In order to avoid any systematic errors in absorption coefficients, which 

might result from the use of a convergent beam, (for example, the depth within 

the specimen at which the beam is focused or the aperture and objective used -- 

see Milledge and Mendelssohn 1988 pp218-9), absorption coefficients are obtained 

from absorbance measurements by relating the absorbance (A) in question to the 

’standard* absorbance (A,) at 1992 cm 1 in the two-phonon region, for which the 

absorption coefficient is assumed to be the same for all diamonds and to have a 

value of 1.23 mm'1.

Hence the absorption coefficient corresponding to an absorbance A is (A/AJxl.23 

mm'1.

Now A = log10(Io/T) where I0 = incident intensity and T = transmitted intensity. 

Hence if the transmitted intensity is accurate to 0.1% then for:-

A = 1 T = 10±0.1% i.e. a 1% error = c A

A = 2 T = 1±0.1% i.e. a 10% error

A = 3 T = 0.1±0.1% i.e. a 100% error

The error in locating the baseline for an absorbance A is found to be 

-0.01 = a L. Assuming these values of gl and CJa, the following criteria must be 

met in order to obtain reasonably accurate absorbance measurements.

(1) The specimen must be thick enough to give a reasonable value of A, 

in relation to c L.
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(2) The nitrogen concentration must not be too high to give a reasonable 

value of A12*2 in relation to a A.

A specimen that is too thin in one direction will be mechanically weak, 

and unless the compression of the boron nitride packing, when being brought up 

to the operating pressure of 100 kb, is extremely regular, the specimen would be 

likely to fracture. Ideally the sample would be spherical. If the x-y dimensions of 

a sample were 1mm by 1mm, the ideal thickness for mechanical strength would 

also be 1mm. Unfortunately this is rather too thick for nitrogen rich samples. A 

good compromise thickness is about 0.5mm.

Irregular faces, i.e. those which are etched, curved or pitted cause 

background scatter in the absorption spectrum. Errors in the absorbance 

measurements have to be calculated before this background is subtracted. Therefore, 

ideally the diamonds should have two clean parallel faces that can be used as a 

low scatter infra-red window. It is useful however, to have some distinguishing 

features as a means of fixing the orientation of the stone and locating the positions 

at which spectra were taken.

The most suitable faces, i.e. the ones that produced the least scatter, were 

(111) and polished (100) faces. As a result of the heating experiments, it became 

possible to study the orientation of the thin graphite layers produced on the 

diamond during heating (Chapter 7). In order to investigate the orientation of 

graphite on (110) faces, a few rounded dodecahedral type stones were heated. 

They were a very good shape for heating but gave inferior transmission.

The diamonds chosen were free of visible inclusions incase differential 

expansion rates between the diamond and inclusion during heating could cause 

the diamond to fracture. Cracked diamonds were also avoided. As a precaution 

against the diamond cracking, so that it might not be possible to identify from 

which part of a diamond a particular piece came, the diamonds chosen were as 

homogeneous as possible, at least as far as their infra-red spectra were concerned. 

The infra-red microscope (described in appendix 1) enabled us to take spectra with 

a spatial resolution of 80|im at various places through the diamond, and in later
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specimens it was used to take spectra in traverses across them. This procedure had 

the added bonus of recording any heterogeneities that did exist, allowing us to use 

several positions through the same diamond, independently, giving us far more 

information than would otherwise have been possible.

In order to investigate the effect of radiation damage, some of the diamonds 

were partially irradiated with 2 MeV electrons. For this purpose, diamonds were 

selected that had no visible signs that they had experienced natural radiation 

damage, i.e. green or brown spots which indicate irradiation of at least 104 oc/cm2 

(Vance and Milledge 1972), although it would be possible in principle for these 

stones to have been exposed to damaging radiation at some time, damage that had 

later annealed out

3.3 The diamonds used for the high pressure / high temperature experiments.

In total 19 diamonds were used in these experiments. They covered a range 

of characteristics; some were rounded dodecahedra, others octahedra, and still 

others had cube faces polished on them. Some contained nearly pure ’A* type 

nitrogen, others had significant amounts of ’B ’ type nitrogen. Some had the 3107 

cm'1 peak (thought to be due to hydrogen) whereas others did not. Some were 

partially irradiated, others were not. Most of the diamonds were of known origin, 

predominantly from Finsch mine, but those with polished cube faces were of 

unknown origin (the diamonds used in graphitization experiments associated with 

studies of naturally occurring graphite octahedra for which diamond was a likely 

precursor (Pearson et al. 1989) also came from this group). Details of each of the 

diamonds used are given in Table 4.01 and Figures 3.01 to 3.19 These figures 

include a representative spectrum for each stone. The full set of spectra for the 

stones are given in section 4.4.1.

3.4 The criteria used in selecting diamonds for the microprobe analysis of 

included minerals.

(1) Specific mineral types are desirable:- As mentioned in section 1.1, 

analyses of included minerals found in diamond can be used to estimate either 

formation temperatures (using non-touching pairs of inclusions) or the temperature
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immediately prior to emplacement (using touching pairs of inclusions), for the 

occluding diamond. Ideally the exchange reactions used, should have a large 

enthalpy change involved, i.e. be very temperature dependent. This limits the types 

of inclusion pairs that can be used. The most common ones are olivine/gamet and 

orthopyroxene/clinopyroxene for the peridotite suite, and clinopyroxene/gamet for 

the eclogite suite.

It is often very difficult to identify inclusions when they are in situ, although 

it is not impossible: Chrome-pyrope garnets are a deep purple colour and pyrope- 

almandine garnets are red-brown. These are quite characteristic and can often be 

identified. Other inclusions, such as olivines, enstatites, diopsides and omphacites 

are either colourless, or have very pale body colours. It is not really possible to 

distinguish these by eye. To overcome this problem it is best to choose diamonds 

with several inclusions, so there is a greater chance of having two of the right type 

or to identify them using x-ray diffraction.

(2) The diamonds should come from known locations, so that any available 

geological information can be used to estimate the date of their emplacement and 

the pressure-time-temperature conditions that they are likely to have experienced 

before being carried to the surface. This is valuable information in relation to the 

extent of defect aggregation indicated by the infra-red spectrum.

(3) The diamonds should have a measurable absorption in the one-phonon 

region of the infra-red spectrum (i.e. quite substantial amounts of nitrogen). If all 

of the nitrogen is in the ’A’ form, then it will only be possible to calculate a 

maximum storage temperature for the diamond. Temperatures below this would 

never result in any aggregation of ’A* to ’B’ and so the resulting spectra would 

be pure IaA. If all of the nitrogen is in the ’B’ form, then it may only be possible 

to calculate a minimum storage temperature for the diamond, because temperatures 

above this would always result in total ’B’ aggregation and so the resulting spectra 

would be identical except for changes in the platelet peak which may give some 

additional information (chapter 4). For the greatest accuracy in calculating storage 

temperatures from the aggregation state, diamonds whose spectra have similar 

amounts of ’A’ and ’B’ nitrogen should be chosen.
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3.5 Descriptions of the samples used for the microprobe analysis of mineral 

inclusions both in situ and released from the diamond.

Traditionally inclusions have been released for micro-probe analysis, either 

by oxidizing the occluding diamond or by cracking the diamond in a small vice 

and then with a microscope, picking through the fragments and dust for the 

inclusions. If they are garnets they are quite strongly coloured and relatively easy 

to see. Other inclusions can be found using crossed-polars, as the non-cubic 

minerals often show bright birefringence colours. The inclusions are then mounted 

in epoxy and polished. If the inclusions have good clean crystal faces, they can be 

mounted directly onto a microprobe sample disk, using cellulose acetate.

There are several problems with the above method of extraction:

(a) It is very easy to lose the inclusions, (b) The spatial relationships of 

the inclusions are often difficult to calculate before the diamond is broken, and 

usually impossible after it is broken unless the hole can be found, so it is hard 

to tell whether the members of a pair were from the same growth horizon of the 

diamond, (c) The infra-red spectra have to be taken through diamond fragments 

which often give poor spectra. If the spectra show that the diamond has 

experienced more than one growth regime, then it is not known which growth 

stage trapped the inclusions.

To try and overcome these problems, a suite of samples were prepared for 

us by Drukker International BV, The Netherlands. Some small diamonds were cut 

in half, and polished down to expose the inclusions, in situ. The small diamonds 

generally of known origin, only had a few inclusions in them, and were used as 

practice pieces for perfecting the technique. Some larger diamonds were cut into 

thin plates and again polished down to expose inclusions. In some cases inclusions 

were exposed on both sides of the diamond plate.

In addition some diamonds from Romaria, Western Minas Gerais, Brazil, 

were cracked using a small vice, to release the inclusions for analysis, and infra

red spectra were taken through small diamond fragments.
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Photographs of each sample together with a representative spectrum are 

presented in Figures 3.20 to 3.34. As it will be discussed in chapter 5, these stones 

were chosen to permit the development of suitable experimental techniques, and 

were not selected using the above criteria.
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FIGURE 3.01 a) Photograph of a sample similar to OF8 (an octahedral 
stone with two polished (100) windows), showing the positions at which 
spectra were collected, b) A representative spectrum of OF8, taken at 
posidon 1.
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FIGURE 3.01 a) Photograph of a sample similar to OF8 (an octahedral 
stone with two polished (100) windows), showing the positions at which 
spectra were collected, b) A representative spectrum of OF8, taken at 
position 1.
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b)
2.0
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FIGURE 3.02 a) Photograph of a sample similar to OF 14 (an octahedral 
stone with two polished (100) windows), showing the positions at which 
spectra were collected, b) A representative spectrum of OF14, taken at 
position 1.
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FIGURE 3.02 a) Photograph of a sample similar to OF 14 (an octahedral 
stone with two polished (100) windows), showing the positions at which 
spectra were collected, b) A representative spectrum of OF14, taken at 
position 1.
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FIGURE 3.03 a) Photograph of a sample similar to OF3 (an octahedral 
stone with two polished (100) windows), showing the positions at which 
spectra were collected, b) A representative spectrum of OF3, taken at 
position 1.

53



b)
2.0

OF3-1

<uoccd
•e

o.o
100020003 0 0 0

Wavenumber cm'1

FIGURE 3.03 a) Photograph of a sample similar to OF3 (an octahedral 
stone with two polished (100) windows), showing the positions at which 
spectra were collected, b) A representative spectrum of OF3, taken at 
position 1.
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FIGURE 3.04 a) Photograph of sample DS33 (a dodecahedral stone),
showing the positions at which spectra were collected, b) A representative
spectrum of DS33, taken at position 2.
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FIGURE 3.04 a) Photograph of sample DS33 (a dodecahedral stone),
showing the positions at which spectra were collected, b) A representative
spectrum of DS33, taken at position 2.
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FIGURE 3.05 a) Photograph of sample DS42 (a dodecahedral stone),
showing the positions at which spectra were collected, b) A representative
spectrum of DS42, taken at position 7.
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FIGURE 3.05 a) Photograph of sample DS42 (a dodecahedral stone),
showing the positions at which spectra were collected, b) A representative
spectrum of DS42, taken at position 7.
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FIGURE 3.06 a) Photograph of sample DS27 (a dodecahedral stone),
showing the positions at which spectra were collected, b) A representative
spectrum of DS27, taken at position 1.
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FIGURE 3.06 a) Photograph of sample DS27 (a dodecahedral stone),
showing the positions at which spectra were collected, b) A representative
spectrum of DS27, taken at position 1.
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FIGURE 3.07 a) Photograph of sample DS17 (a dodecahedral stone),
showing the positions at which spectra were collected, b) A representative
spectrum of DS17, taken at position 6.
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FIGURE 3.07 a) Photograph of sample DS17 (a dodecahedral stone),
showing the positions at which spectra were collected, b) A representative
spectrum of DS17, taken at position 6.
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FIGURE 3.08 a) Photograph of sample DS34 (a dodecahedral stone),
showing the positions at which spectra were collected, b) A representative
spectrum of DS34, taken at position 1.
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FIGURE 3.08 a) Photograph of sample DS34 (a dodecahedral stone),
showing the positions at which spectra were collected, b) A representative
spectrum of DS34, taken at position 1.
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FIGURE 3.09 a) Photograph of sample FS29 (an octahedral stone partially 
irradiated with about 9.3X1022 2MeV electrons/m2), showing the irradiated 
area and the positions at which spectra were collected, b) A representative 
spectrum of FS29, taken at position 5.
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FIGURE 3.09 a) Photograph of sample FS29 (an octahedral stone partially 
irradiated with about 9.3x1022 2MeV electrons/m2), showing the irradiated 
area and the positions at which spectra were collected, b) A representative 
spectrum of FS29, taken at position 5.
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FIGURE 3.10 a) Photograph of sample FS40 (an octahedral stone partially 
irradiated with about 9.3X1022 2MeV electrons/m2), showing the irradiated 
area and the positions at which spectra were collected, b) A representative 
spectrum of FS40, taken at position 4.
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FIGURE 3.10 a) Photograph of sample FS40 (an octahedral stone partially 
irradiated with about 9.3x1022 2MeV electrons/m2), showing the irradiated 
area and the positions at which spectra were collected, b) A representative 
spectrum of FS40, taken at position 4.
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FIGURE 3.11 a) Photograph of sample FS44 (an octahedron, partially 
irradiated with about 9.3x1022 2MeV electrons/m2), showing the irradiated 
area and the positions at which spectra were collected, b) A representative 
spectrum of FS44, taken at position 3.
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FIGURE 3.11 a) Photograph of sample FS44 (an octahedron, partially 
irradiated with about 9.3x1022 2MeV electrons/m2), showing the irradiated 
area and the positions at which spectra were collected, b) A representative 
spectrum of FS44, taken at position 3.
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F I G U R E  3 .1 2  a) Photograph of sample FS49 (a dodecahedral stone partially 
irradiated with about 9.3x10“ 2MeV electrons/m2), showing the irradiated 
area and the positions at which spectra were collected, b) A representative 
spectrum of FS49, taken at position 4.
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F I G U R E  3 .1 2  a) Photograph of sample FS49 (a dodecahedral stone partially 
irradiated with about 9.3X1022 2MeV electrons/m2), showing the irradiated 
area and the positions at which spectra were collected, b) A representative 
spectrum of FS49, taken at position 4.
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FIGURE 3.13 a) Photograph of sample PB24 (a rounded octahedron 
partially irradiated with about 9.3x1022 2MeV electrons/m2), showing the 
irradiated area and the positions at which spectra were collected, b) A 
representative spectrum of PB24, taken at position 4.
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F I G U R E  3 .1 3  a) Photograph of sample PB24 (a rounded octahedron 
partially irradiated with about 9.3x1022 2MeV electrons/m2), showing the 
irradiated area and the positions at which spectra were collected, b) A 
representative spectrum of PB24, taken at position 4.
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FIG U RE 3.14 a) Photograph of sample FS45 (a rounded octahedron partially 
irradiated with about 9.3x10“ 2MeV electrons/m2), showing the irradiated 
area and the positions at which spectra were collected, b) A representative 
spectrum of FS45, taken at position 4.
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F I G U R E  3 .1 4  a) Photograph of sample FS45 (a rounded octahedron partially 
irradiated with about 9.3x1022 2MeV electrons/m2), showing the irradiated 
area and the positions at which spectra were collected, b) A representative 
spectrum of FS45, taken at position 4.
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F I G U R E  3 .1 5  a) Photograph of sample FH42 (a rounded octahedron 
partially irradiated with about 9.3x1022 2MeV electrons/m2), showing the 
irradiated area and the positions at which spectra were collected, b) A 
representative spectrum of FH42, taken at position 3.
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F I G U R E  3 .1 5  a) Photograph of sample FH42 (a rounded octahedron 
partially irradiated with about 9.3x1022 2MeV electrons/m2), showing the 
irradiated area and the positions at which spectra were collected, b) A 
representative spectrum of FH42, taken at position 3.
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FIGURE 3.16 a) Photograph of sample FS56 (an octahedral stone partially 
irradiated with about 9.3X1022 2MeV electrons/m2), showing the irradiated 
area and the positions at which spectra were collected, b) A representative 
spectrum of FS56, taken at position 4.
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FIGURE 3.16 a) Photograph of sample FS56 (an octahedral stone partially 
irradiated with about 9.3x1022 2MeV electrons/m2), showing the irradiated 
area and the positions at which spectra were collected, b) A representative 
spectrum of FS56, taken at position 4.
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FIGURE 3.17 a) Photograph of sample FS96 (an octahedral stone partially 
irradiated with about 9.3x1022 2MeV electrons/m2), showing the irradiated 
area and the positions at which spectra were collected, b) A representative 
spectrum of FS96, taken at position 3.
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FIG U RE 3.17 a) Photograph of sample FS96 (an octahedral stone partially 
irradiated with about 9.3X1022 2MeV electrons/m2), showing the irradiated 
area and the positions at which spectra were collected, b) A representative 
spectrum of FS96, taken at position 3.
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FIGURE 3.18 a) Photograph of sample FS68 (an octahedral stone partially 
irradiated with about 9.3X1022 2MeV electrons/m2), showing the irradiated 
area and the positions at which spectra were collected, b) A representative 
spectrum of FS68, taken at position 4.
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FIG U RE 3.18 a) Photograph of sample FS68 (an octahedral stone partially 
irradiated with about 9.3X1022 2MeV electrons/m2), showing the irradiated 
area and the positions at which spectra were collected, b) A representative 
spectrum of FS68, taken at position 4.
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FIGURE 3.19 a) Photograph of sample BB1 (a synthetic cubo-octahedral
stone), showing the positions at which spectra were collected, b) A
representative spectrum of BB1, taken at position 1.
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FIGURE 3.19 a) Photograph of sample BB1 (a synthetic cubo-octahedral
stone), showing the positions at which spectra were collected, b) A
representative spectrum of BB1, taken at position 1.
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FIGURE 3.20 a) A representative spectrum taken through a fragment of
the Brazilian diamond, ROSV02. b) A photograph of ROSV02, before
cracking out the inclusions.
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FIGURE 3.21 a) A representative spectrum taken through a fragment of
the Brazilian diamond, ROSV03. b) A photograph of ROSV03, before
cracking out the inclusions.
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FIG URE 3.22 a) A representative spectrum taken through a fragment of
the Brazilian diamond, ROSV04. b) A photograph of ROSV04, before
cracking out the inclusions.
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FIGURE 3.23 a) A representative spectrum taken through a fragment of
the Brazilian diamond, ROBS 11. b) A photograph of ROBS11, before
cracking out the inclusions.
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FIGURE 3.24 a) A representative spectrum taken through a fragment of
the Brazilian diamond, ROOH03. b) A photograph of ROOH03, before
cracking out the inclusions.
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FIGURE 3.25 a) A spectrum taken through a polished plate from the 
diamond TP9 (non-loc.) This spectrum has the highest nitrogen content of 
any collected through TP9. b) A photograph showing part of plate TP9 (side 
1) with inclusions B l, B2, B3 and B4. Information regarding the other plates 
from TP9 is given in Figure 5.04 (chapter 5).
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FIGURE 3.26 a) A representative spectrum taken through the polished plate,
PSE3 (Kalimantan), b) A photograph showing the exposed inclusion and part
of the plate.
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FIGURE 3.27 a) A representative spectrum taken through the polished plate,
RHQD (West Africa), b) A photograph showing inclusion 1 and 2, and part
of the plate.
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FIGURE 3.28 a) A representative spectrum taken through the polished plate,
PR93 (Premier), b) A photograph showing the exposed inclusion within the
plate.
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FIGURE 3.29 a) A representative spectrum taken through the polished plate,
PR4 (Premier), b) A photograph showing the exposed inclusion within the
plate.
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FIGURE 3.30 a) A representative spectrum taken through the polished plate,
P12 (Premier), b) A photograph showing the exposed inclusion within the
plate.
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FIGURE 3.31 a) A representative spectrum taken through the polished plate, 
A416L (non-loc.). b) A cathodo-luminescence photograph of plate A416L. 
Another plate (A416M), cut from the same diamond will be discussed in 
section 5.5.
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FIGURE 3.32 a) A representative spectrum taken through the polished plate, 
PSB1 (Kalimantan), b) A photograph showing part of PSB1.
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FIGURE 3 3 3  a) A representative spectrum taken through the polished plate, 
PS6A (Kalimantan). All spectra taken through this plate showed bad interference 
fringes, b) A diagram showing plate PS6A.
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FIGURE 3.34 a) A representative spectrum through the synthetic plate, 
SYSE. b) A photograph of SYSE.
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CHAPTER FOUR

The high pressure / high temperature experiments :

The behaviour of defects in diamond at high temperatures.

4.1 Introduction

Nitrogen is a common impurity in diamond and can be present in 

concentrations of over 2000 ppm. The nitrogen atoms are usually substitutional 

and form small defect structures. The three most common nitrogen defects, namely 

the ’N \  ’A’ and ’B’ centres, were shown to be consecutive members of an 

aggregation sequence (Figure 4.01)(Allen and Evans 1981). The *N* centre is the 

most primitive form of nitrogen found. It is a single substitutional atom (Davies 

1977) and is thought to be how nitrogen is incorporated into diamond during 

growth. Synthetic diamonds contain nitrogen in this form but it is very rare in 

natural diamonds because *N* centres aggregate to ’A’ centres very quickly, on a 

geological time scale, at the temperatures experienced by natural diamonds during 

storage prior to emplacement (>1000°C). The *N' centre activates a diamond one- 

phonon absorption with a peak at 1132 cm4. This can be used to calculate the 

concentration of *N* centres (Collins 1980). The ’A* centre is formed by two 

adjacent substitutional nitrogen atoms (Davies 1976) and activates a diamond one- 

phonon absorption with a peak at 1282 cm'1. This can be used to calculate the 

concentration of 'A* centres (Kaiser and Bond 1959). ’A’ centres aggregate to form 

’B’ centres which are thought to consist of four substitutional nitrogen atoms, 

tetrahedrally arranged around a vacancy (Bursill and Glaisher 1985). This 

aggregation is very slow, and natural diamonds rarely show more than 50% ’A’ 

—> ’B ’ aggregation despite being stored for up to -3  Gy at temperatures above 

1000°C. The ’B’ centre activates a diamond one-phonon absorption with a peak at 

1175 cm'1, this can be used to calculate the concentration of ’B’ centres (Sobolev 

and Lisoivan 1972). The coefficients used to calculate the *N\ ’A’ and ’B’ 

concentrations are still under review.

The primary aim of the high temperature, high pressure experiments was

to investigate the rates of aggregation of ’A’ centres to give ’B’ centres. The
experiments were similar in nature to those conducted by Evans and Qi (1982),
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(a) N center [lb] (b) A center [IaA] (c) B center [IaB]

FIGURE 4.01 A schematic diagram showing the proposed structure of 
the ’N’, ’A’ and ’B’ centres ( after Bursill and Glaisher 1985), together 
with their characteristic diamond one-phonon spectra from 1450 cm*1 to
850 cm . The 
relationship.

diagram also demonstrates their time/temperature
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that investigated the aggregation of *N* centres giving ’A’ centres, and used the 

same high pressure apparatus (i.e the tetrahedral anvil system, housed in the 

Physics Department at the University of Reading: appendix 1)

The main difference with this set of experiments was that because of the 

extreme slowness of the aggregation process under investigation, much higher 

temperatures than in previous quantitative aggregation experiments were needed. 

Higher in fact, than it is possible to measure at the required stabilizing pressure 

of 100 Kb, using existing thermocouple technology.

In this chapter the limitations of the equipment will be discussed, as well 

as the assumptions that were made regarding thermocouple calibration and 

temperature gradients across the graphite heater cylinder. The conditions of each 

high temperature experiment will be presented, along with the infra-red spectra 

for each stone before and after heating. It will be shown how, from these spectra, 

rates of aggregation were calculated and hence an activation energy for aggregation 

deduced. The effect of high temperatures on the platelet and 3107 cm'1 peak will 

be discussed. Some of the diamonds were partially irradiated with electrons, in 

order to see whether any effect of radiation damage on aggregation rates persisted 

at higher temperatures. These results will also be presented in this chapter.

4.2 The limitations imposed bv the equipment

Initial estimates of the rates of aggregation of ’A’ centres showed that it 

would be unlikely that any measurable aggregation could occur, on a laboratory 

time scale, below about 2300 -> 2400°C (Evans and Qi 1982). At these raised 

temperatures a pressure of 100 Kb is needed to keep the diamond within it’s 

stability field. The rate of aggregation of ’N’ centres to give ’A’ centres is only 

slightly pressure dependent (Evans and Qi 1982), this is also assumed to be the 

case for the aggregation of ’A’ centres. Such extreme conditions required highly 

specialised equipment (appendix 1). Because of the high pressures needed, the 

sample chamber (i.e. the graphite heater cylinder) is very small and so the 

maximum size of diamond practical for this type of experiment is about 1 mm 

in diameter. As it has been shown in section 3.2.1. it was possible to take spectra

87



at several places in each specimen using an infra-red microscope.

The conditions required were at the limits of the capability of the apparatus. 

The stability of a high pressure run decreases with increasing temperature, dropping 

rapidly above about 2600°C. Typically, a good run would last for about two hours 

before becoming unstable and being terminated. The failure rate of these 

experiments is high, about 50%. They fail for several reasons, though it is not

always obvious why. In general it was convenient to make as many experiments

as possible during a working week, and to consider the results before conducting 

the next batch of experiments. Details relating to each of the four batches are

given in Figure 4.09 and Table 4.01.

4.2.1 Tem perature measurement.

The biggest source of error in these experiments is the measurement of 

temperature. As already mentioned, the target temperatures are above the 

temperature at which the thermocouple breaks down (about 2100°C). So as a run 

is being brought up to temperature, a plot of thermocouple voltage versus input 

power has to be made (for example, the thermocouple for run FS96 shown in 

Figure 4.02). The thermocouple used Tungsten and Iridium wires and has been 

calibrated for induced E.M.F. at a range of different temperatures and at 100 Kb 

(section A 1.4.2). The extension of this calibration line to temperatures above which 

the thermocouple breaks down is shown in Figure 4.03. For the example shown 

(FS96) the input power for the experiment was about 2020 Watts, giving a 

projected thermocouple voltage (Figure 4.02) of 48.6 mV. This voltage corresponds 

to a temperature of 2447°C (Figure 4.03). The correlation between input power and 

the temperature produced in the heater cylinder is slightly different for each high 

pressure experiment, so each experiment must be calibrated with its own 

thermocouple. This variation may be due to several factors; a) Impurities in the 

graphite heater cylinders used produce different resistances from cylinder to 

cylinder, b) It is possible that the tightness of the boron nitride packing would 

effect the heating characteristics of the cell, c) The temperature measured would 

also depend upon how far into the heater cylinder the thermocouple was 

protruding.
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Being a dynamic experiment, it is desirable that the samples should be 

heated and cooled as quickly as possible, at least when within about 200°C of 

the run temperature, minimising any aggregation that may occur whilst the sample 

is not at the constant run temperature. Cooling the sample quickly is not a 

problem; by reducing the current, the sample is cooled below the aggregation 

temperature in a matter of seconds. Heating is more difficult; the temperature must 

be raised slowly, to prevent the gasket from becoming unstable. As the power is 

being increased the thermocouple voltage is plotted against the input power (Figure 

4.02). It takes of the order of 17 minutes before the temperature at which the 

thermocouple breaks down (about 2100°C) is reached; below this temperature no 

significant aggregation of ’A’ centres will occur. When the thermocouple has 

broken down, the calibration curve has to be extrapolated to calculate the input 

power needed to produce the target temperature. The power is then increased to 

give the required run temperature within about two minutes. Invariably when a best 

fit calculation is later performed on the thermocouple data, the actual temperature 

of the heater circuit is found to be different from the target temperature. Part of 

the difficulty arises because the calibration curve is not linear at low temperatures 

or at very high temperatures, just before it starts to degrade. The W-Ir 

theimocouple is accurate to 2% i.e. ±50°C at 2500°C.

The problem of the thermocouple degrading prompted a search for a more 

suitable thermocouple. The literature showed that several thermocouples had been 

calibrated to nearly 3000°C (A.S.T.M 1981)*. These were typically of the 

tungsten-rhenium alloy type. The thermocouple chosen to test was W3Re/W25Re, 

primarily because of it’s reported favourable mechanical properties. Detailed data 

was available for the calibration of this thermocouple at atmospheric pressure 

(Asamoto and Novak 1967, Asamoto and Novak 1968), and it would be expected 

that at 2500°C the thermocouple E.M.F. would be about 41 mV.

To calibrate this thermocouple at 100 Kb, a pyrophyllite tetrahedron was 

prepared with two pairs of holes drilled through two opposite edges, allowing both

* - Manual on the use of thermocouples in temperature measurement 1981 (ASTM 

STP470B) chapter 3.
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the W-Ir and the W3Re/W25Re thermocouples to be twisted in the same heater 

cylinder (Figure 4.04). The cylinder was packed with hexagonal boron nitride with 

no sample present, and brought up to 100 Kb pressure. The power was gradually 

increased and the thermocouple voltages measured at intervals of 10 Amps input 

current. Unfortunately the usual W-Ir thermocouple failed and so gave no 

information on the temperature of the cell. There was however a good correlation 

between the W3Re/W25Re thermocouple voltage and the input power to the heater 

(Figure 4.05). From the W-Ir data for other high pressure experiments, it is seen 

that approximately 1W (input power) corresponds to just over 1°C (i.e. an input 

power of 2100W corresponds to a temperature of about 2500°C). So it can be seen 

from Figure 4.05 that the response of the W3Re/W25Re thermocouple is much 

lower than that of the W-Ir thermocouple at 100 Kb and also much lower than the 

reported value at atmospheric pressure, i.e. about 1.6 mV at 2500°C as opposed 

to -50  mY. Such a low thermocouple voltage is more difficult to measure 

accurately. No data on the W3Re/W25Re thermocouple could be collected above 

1550 Watts because the pressure gasket blew out when it reached this power. It 

was decided therefore, in view of the low measured thermoelectric response of the 

W3Re/W25Re thermocouple at 100 Kb that we would continue to use the W-Ir 

thermocouple for the conclusion of our experiments although a search for a 

different thermocouple might still prove useful.

As it will be seen in section 4.4, the rate constants for the aggregation of 

’A’ centres in two samples; DS33 and DS42, which were heated in the same 

experiment and so should have been at the same temperature, were different for 

both first order and second order kinetics. This suggested that there was a 

temperature gradient across the pressure cell, and indeed, investigation showed 

that this problem had been addressed by the group at Reading, and that they had 

in fact been able to estimate the temperature profile across the heater cylinder at 

the lower temperature of 1600°C (Robertson 1984, thesis). The thermocouple acts 

as a heat sink, giving a temperature drop of over 120°C across the cylinder (Figure 

4.06). To calibrate this temperature gradient, the heater cylinder (with 

thermocouple) was packed with synthetic diamond agglomerate and heated. After 

heating, the temperature was calculated at different points in the packing, from the 

ratio of the H3 and 1.945 eV peaks. The temperature gradient inside the heater
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cylinder will depend on both the composition and grain size of the packing 

material, but as a first approximation we applied pro-rata increases to Robertsons 

gradient in order to produce temperature profiles for the heater cylinders in each 

of our experiments. Fortunately the positions of the samples in the heater cylinders 

had been noted for each experiment, allowing the temperatures that they had 

reached to be estimated. Although the temperature gradients that we assumed 

amount to guesswork, they do reconcile the data for DS42 and DS33 to a best fit 

line drawn for the Arrhenius plots shown in Figures 4.24 and 4.25.

4,2.2 Errors in measuring the absorption spectra.

The spectra of our samples are taken in transmission and presented in 

absorbance. The absorbance values are read from plots or directly off the monitor 

using the Bruker software where they are given to four decimal places. Absorbance 

measurements have an intrinsic error that varies with the magnitude of the 

absorbance (A) (chapter 3) such that:

A = A ± (Axl07l000) (equ 4.2.2.01)

i.e. if the absorbance is 1 then the error is 1 %

if the absorbance is 2  then the error is 1 0 %

if the absorbance is 3 then the error is 100%, etc.

This error can be calculated for each measured peak and must be calculated

before the background scattering is subtracted.

If diamonds have irregular surfaces, i.e. pitted and etched {111} faces, or 

curved {1 1 0 } faces, these cause scattering effects that decrease the transmittance 

of the stone and hence increase the background absorbance of the spectrum. This 

is particularly so for diamonds after the heat treatment, when surfaces are more 

etched. This background must be subtracted from the spectrum before the peak 

heights are measured. If this is done successfully, the absorption coefficient of the 

diamond in the two-phonon region at 1992 cm'1 (fij) will be 1.23 m m 1.
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[L, = ln(K)1 )/X (equ 4.2.2.02)

where X = sample thickness in millimetres 

and I = absorbance at 1992 cm'1

In most cases and in the absence of fringes, if a linear background is 

subtracted between 2700 and 1500 cm'1, then within the error intrinsic to its 

measurement, the thickness deduced by assuming that the absorption coefficient 

at 1992 cm’1 is 1.23 mm*1 agrees with the physical thickness measurement (Figure 

4.07). The diamond one-phonon region had a linear background subtracted between 

1500 and 850 cm' 1 (Figure 4.08). Absorption coefficients were calculated at 1282 

and 1175 cm '1 and the 1282 cm'1 peak was resolved into it’s ’A’ and ’B ’ 

components using the Gordon Davies decomposition method (Davies 1981), which 

is itself associated with a 5 %  error. It is shown in appendix 2, how the errors in 

absorbance and the thickness measurements are worked through this decomposition 

calculation and subsequent rate calculations to produce overall errors in the rate 

constants calculated from pairs of spectra taken at similar positions in a specimen 

both before and after heating.

4.3 The conditions for each high pressure run.

In total 15 high pressure runs involving 19 diamonds have been performed, 

some of which had two samples in the pressure cell during the experiment. This 

section gives details of the experimental conditions for each of these runs. 

Descriptions of the samples used are given in chapter 3, and the results of these 

experiments will be discussed in section 4.4.

The set of plots in Figure 4.09 show the thermocouple calibrations and the 

variation of input power to the heater circuit with time, for each high pressure 

experiment. In several cases the thermocouple did not work and so the temperature 

had to be calculated using an average of thermocouple calibrations, for the other 

experiments in the same set (i.e performed during the same visit to Reading). 

Figure 4.03 shows how the voltage of the W-Ir thermocouple varies with 

temperature. The resulting thermocouple temperatures for each high pressure run
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a)
1.4

0.0
10003000 2000

Wavenumber cm'

b)
l

0.4

0.0
150020002500

Wavenumber cm'1

FIGURE 4.07 An example of a background subtraction for the diamond two- 
phonon region, a) A mid infra-red spectrum before background subtraction. I 
is the absorbance at 1992 cm 1, and is used to find the error in the calculated 
thickness of the sample, b) The same spectrum, but with the background 
subtracted between 2700 and 1500 cm1. I* is the ’base-lined* absorbance at 
1992 cm'1 and is used to calculate the sample thickness.
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a)
1.4

oCJ

0.0
3 0 0 0 2000 1000

Wavenumber cm*1

I

1.2

1 0 0 0
Wavenumber cm*1

FIGURE 4.08 An example of a background subtraction for the diamond one- 
phonon region, a) A mid infra-red spectrum before background subtraction. A 
and B are the absorbances at 1282 and 1175 cm*1 respectively, and are used to 
find the errors in the absorption coefficients at A and B. b) The same spectrum, 
but with the background subtracted between 1500 and 850 cm*1. Aw and BM are 
the ’base-lined’ absorbances at 1282 and 1175 cm'1 respectively, and are used 
to decompose the one-phonon region into it’s *A* and *B* components (Davies 
1981).
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FIGURE 4.09 The recorded conditions for our high pressure 
experiments. In each case i) shows the thermocouple 
calibration data and a least squares line fitted to the 
straight part of the calibration data, where this is 
possible (see Table 4.01). ii) Shows the variation of 
input power with time for each experiment.

a) Data for the experiments conducted between the 
19th and 21-t May 1987 : a  - sample OF3, v  - sample OF8,
□ - sample OF14.

b) Data for the experiments conducted between the 
24th and 27th November 1987 : □ - sample DS17,
v - samples DS33/DS42, a - sample DS27.
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c) Data for the experiments conducted between the 
28th June and the 5th September 1988 : o - sample PB24, 
a  - samples FS45/BB1, v - samples FS44/FS29,
□ - samples FS49/FS40.

d) Data for the experiments conducted between the 
14th and 17th February 1989 : a  - sample FS68, v - sample 
FS96, □ - sample FH42, o - sample FS56.
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and the duration of heating are presented in Table 4.01.

Despite the high failure rate of these experiments, we were left with 10 

diamonds that could give us useful data. These were samples; OF3, OF8 , OF14, 

DS17, DS33, DS42, PB24, FS29, FH42 and FS56. PB24 had only experienced 

some 5 minutes at 2200°C and showed no aggregation, although the platelet peak 

had dropped considerably.

Because the heater cylinders have a temperature gradient across them (section 

4.2.1), the thermocouple temperature is not the temperature experienced by the 

diamond. In an attempt to allow for this effect, contour maps of temperature were 

drawn for each of the above heater cylinders, assuming a pro-rata increase of the 

gradient observed by Robertson (1984, thesis) (Figure 4.10 a to i), and a new set 

of temperatures produced for the 10 samples listed above. These diagrams would 

make it possible to reassess the experimental results if a high temperature 

calibration of the gradient within the cell should become available, using hexagonal 

boron nitride as a packing material. Table 4.02 lists the temperature experienced 

by each stone, and the duration of each experiment.

4.4.1 Radiation damage: an introduction.

Radiation damage produces defects in diamond, giving rise to vibronic 

absorption systems that have been named the GR1 and the ND1 bands. If a type 

I diamond with such damage is heated to = 800°C, these defects become mobile, 

and anneal to give defect-nitrogen centres. Consequently the GR1 and the ND1 

bands disappear. If single substitutional nitrogen were present the defects formed 

would be nitrogen-vacancy pairs, which have a zero-phonon line at 1.945 eV (du 

Preez 1965 ; Davies and Hamer 1976). An ’A’ centre would give an H3 centre 

(2.463 eV) and a ’B’ centre would give an H4 centre (2.499 eV) when coupled 

with a vacancy (Davies 1972). Collins (1978 and 1980) conducted some 

aggregation experiments on irradiated type lb diamonds, and found that for 

radiation damaged stones the ’N’ centres aggregated much faster than in 

undamaged stones, suggesting that the 1.945 eV centre is important to the 

mechanism of aggregation . The sequence of events proposed was: 1) Irradiation 

of a lb stone with -10 22 2 MeV electrons m'2 at room temperature, to produce
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Plan

Graphite Heater 
Cylinder v

- 2435

Insulation

2593W-Ir Thermocouple

2682

2766 2852
Hexagonal Boron 
Nitride Packing

■i►
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FIGURE 4.10 Temperature profiles for the heater cylinders from which the 
samples that gave results were recovered. The temperature contours shown are 
in °C and were calculated by applying a pro-rata increase to the values shown 
in Figure 4.06. The estimated sample temperatures are listed in Table 4.02. 
a) The heater cylinder containing OF14. b) The heater cylinder containing OF3.
c) The heater cylinder containing OF8 .
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TABLE 4.02 The sample temperature estimated from Figure 4.10 and 
the time spent at that temperature for each diamond that survived the 
high pressure experiments.

DIAMOND TEMP (°C) AT TIME (S)

FH42 2650 ± 50 + 75 6372
FS29 2620 ± 50 + 62 7635
DS33 2615 ± 50 +216 7840
OF14 2580 ± 50 + 38 6600
FS56 2567 ± 50 + 47 7560
OF3 2570 ± 50 + 75 4300
OF8 2530 ± 50 + 73 7200
DS42 2453 ± 50 + 54 7840
PB24 2275 ± 50 + 75 250
DS17 2246 ± 50 + 46 8430

AT - Is the difference between the estimated
sample temperature and the thermocouple 
temperature.
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about 5 ppm of vacancies. 2) As the diamond is heated, these anneal at about 

800°C, giving the 1.945 eV centre, i.e. the vacancy-substitutional nitrogen pair. 3) 

with further heating to -'1500°C, these can diffuse much faster than solo 

substitutional nitrogen atoms, and on meeting an *N* centre, aggregation to H3 is 

thermodynamically favourable.

Compared with the nitrogen concentrations (=400 ppm) the vacancy 

concentration is very low and so in order to enhance the overall aggregation rate 

these vacancies must be recycled many times, and in fact it is observed that above 

1400°C the H3 centre anneals out, giving the final product, i.e. an ’A* centre and 

releasing the vacancy to repeat the process. So in effect a small number of 

vacancies are acting as a catalyst for aggregation.

Moving on to consider the next aggregation process, i.e. ’A’ to ’B \ 

instinctively one would assume that if the aggregation were accelerated by the 

presence of vacancies, then the aggregation mechanism would be diffusion 

controlled and that the vacancy, by coupling with, for example an ’A ’ centre to 

give an H3 centre, produces a more mobile defect that diffuses more quickly than 

an ’A’ centre, and hence increases the collision frequency of nitrogen defects. If 

a ’B’ centre consists of 4 substitutional nitrogen atoms around a vacancy, the 

vacancy is an essential part of the ’B* centre and cannot be recycled without 

destroying the ’B’ centre. But for the enhanced aggregation of ’N’ centres it is the 

recycling of the vacancy that allows significant acceleration of the reaction to occur 

with only relatively low vacancy concentrations. Hence, unless the initial vacancy 

concentration produced is very high, it is unlikely that radiation damage would 

appreciably enhance aggregation of ’A’ centres.

Nevertheless, in view of evidence showing that many natural diamonds have 

experienced radiation damage at some time in their history, be it simply exposure 

after emplacement, producing brown or green spots or exposure to damaging 

radiation, possibly over long periods of time, prior to emplacement, it was decided 

to produce some radiation-damaged samples for use in our high temperature /  high 

pressure experiments. The infra-red microscope made it possible for us to 

investigate diamonds that had been partially irradiated, taking spectra along 

traverses across each stone. This allowed us to compare directly the rates of
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aggregation in damaged and undamaged areas of the same stone, eliminating the 

intrinsic errors of temperature measurement.

Natural radiation damage in diamonds would have been caused by sources 

that produce a broad spectrum of ionizing radiation. Such damage would be very 

difficult to reproduce quantitatively in the laboratory. The diamonds used in our 

experiments were irradiated with high energy (2MeV) electrons, which is not 

equivalent to natural radiation damage, but the dose is easy to quantify.

It would have been possible to experiment with stones showing natural a - 

damage, but such damage tends to be confined to a few microns of the surface of 

irradiated stones, and as such damage is readily etched (Mendelssohn 1971, thesis). 

It seemed unlikely that the damaged sections would survive the high pressure / 

high temperature experiments, where surfaces are always graphitized.

4.4.2 Irradiation and the high pressure heating of irradiated stones.

To enable us to irradiate only part of each diamond, we constructed a copper 

masking block, about 4 mm thick, and ~15 mm in diameter was machined. It had 

seven -0.3 mm diameter holes drilled through i t  The whole block screwed into 

a base plate, that contained seven diamonds, set in soft indium metal. The 

diamonds were arranged so that the drill holes in the top block each overlapped 

one of the diamonds (appendix 1). When this block was exposed to a parallel 

beam of electrons, only the cylinder of diamond directly below each hole was 

exposed to the radiation. The irradiation was carried out using the Van de Graaff 

generator, in the Physics department at the University of Reading, under the 

supervision of Alan Holman.

Two batches of seven stones were irradiated. Each was exposed to between 

26 and 26.5 pA cm'2 of 2 MeV electrons for 15 hours and 45 minutes, resulting 

in a dose of about 9.3 x 1022 e/m2.

When the diamonds were removed from the block the dark green colour 

associated with un-annealed radiation damage showed that as expected, roughly 

cylindrical volumes had been damaged. The electron beam had a uniform density
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over a radius of about 1 cm, but despite this the resulting damage was not uniform 

from stone to stone; some stones had very dark, well defined green spots, others 

only had faint, diffuse green spots. The reason for this was that the holes drilled 

through the block were not quite normal to the surface, because a 0.3 mm drill bit 

will snake about to some extent on it’s way through a piece of copper 4 mm thick. 

The diamonds viewed edge on show that this green damaged area, extended 

through the stone (Figure 4.11). Irregularities in the damaged area are probably due 

to scattering of the electron beam within the diamond.

Fourteen stones were irradiated. Some of these had barely any visible 

radiation damage, and only the best ones were selected for the high pressure 

experiments. These were:- FS45, FS44, FS29, FS49, FS40, PB24, FS6 8 , FS96, 

FH42 and FS56, described in Section 3.3. Unfortunately of these only, FS29, 

PB24, FH42 and FS56 actually gave useful data on aggregation rates. Tables 4.01 

describes the condition of each of these high pressure runs.

4.5 Results.

Descriptions of each diamond used are given in chapter 3. In this section 

the spectra taken before and after heating for each of the above 1 0  stones will 

be presented. It will be shown how these spectra were resolved into their 

component parts and the data used to deduce information about, the rate of 

aggregation of ’A* centres, the effects of radiation damage on aggregation and the 

behaviour of the platelet and 3107 cm'1 peaks, when at very high temperatures.

4.5.1 The ageregation of *A» centres.

Figures 4.12 to 4.21, show the ’before’ and ’after’ sets of spectra taken for 

each of the 1 0  diamonds that survived heating.

The first stage in calculating the rate of aggregation of ’A ’ centres is to 

calculate the concentration of ’A’ centres in the diamond, both before and after 

heating. This can be done by decomposing the one phonon region of the infra-red 

spectrum. The method most commonly used to do this was calculated by Gordon
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0.5 mm

FIGURE 4.11 Diamond FS96 viewed edge on, showing how the green 
radiation damaged area extended through the stone, from top to bottom. 
Scattering has caused the beam to diverge with depth.



0F8

3
8wm FIGURE 4.12 The infra-red spectra of 

sample OF8 , taken at the positions shown 
in Figure 3.01, both before and after the 
high temperature/high pressure treatment. 
The X-axis is between 1500 and 850 cm' 1 

and the absorbance ranges from 0.0 to 3.0.

OF14

<

FIGURE 4.13 The infra-red spectra of 
sample OF14, taken at the positions shown 
in Figure 3.02, both before and after the 
high temperature/high pressure treatment. 
The X-axis is between 1500 and 850 cm*1 

and the absorbance ranges from 0 . 0  to 3 .0 .

OF3

3
8W
PQ

FIGURE 4.14 The infra-red spectra of 
sample OF3, taken at the position shown 
in Figure 3.03, both before and after the 
high temperature/high pressure treatment. 
The X-axis is between 1500 and 850 cm '1 

and the absorbance ranges from 0.0 to 3.0.
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DS33
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od

% COLLECTED COLLECTED

FIGURE 4.15 The infra-red spectra of sample DS33, taken at the positions 
shown in Figure 3.04, both before and after the high temperature/ high 
pressure treatment. The X-axis is between 1500 and 850 cm'1 and the 
absorbance ranges from 0.0 to 3.0. At some positions it was not possible to 
collect a spectrum after the heat treatment, because scattering effects 
prevented sufficient light from reaching the detector. In these cases; ’NONE 
COLLECTED’ appears in lieu of a spectrum.
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NONENONE

DS42 5

#  NONE 

<  COLLECTED

6 7

FIGURE 4.16 The infra-red spectra of sample DS42, taken at the positions 
shown in Figure 3.05, both before and after the high temperature/ high 
pressure treatment. The X-axis is between 1500 and 850 cm' 1 and the 
absorbance ranges from 0.0 to 3.0. At some positions it was not possible to 
collect a spectrum after the heat treatment, because scattering effects 
prevented sufficient light from reaching the detector. In these cases; ’NONE 
COLLECTED’ appears in lieu of a spectrum.
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DS17
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&  NONE 

<  COLLECTED
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NONE

COLLECTED

4

NONE

COLLECTED

DS17
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&  NONE 

i  COLLECTED

NONE

COLLECTED

FIGURE 4.17 The infra-red spectra of sample DS17, taken at the positions 
shown in Figure 3.07, both before and after the high temperature/ high 
pressure treatment. The X-axis is between 1500 and 850 cm*1 and the 
absorbance ranges from 0.0 to 3.0. At some positions it was not possible to 
collect a spectrum after the heat treatment, because scattering effects 
prevented sufficient light from reaching the detector. In these cases; ’NONE 
COLLECTED’ appears in lieu of a spectrum.
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NONE NONENONE

b) 11 12 13 14 15

FIGURE 4.21 The infra-red spectra on traverses 1 and 2 of sample PB24, 
taken at the positions shown in Figure 3.13, both before and after the high 
temperature/ high pressure treatment. The X-axis is between 1500 and 850 
cm'1 and the absorbance ranges from 0.0 to 3.0. At some positions it was 
not possible to collect a spectrum after the heat treatment, because scattering 
effects prevented sufficient light from reaching the detector. In these cases; 
’NONE COLLECTED’ appears in lieu of a spectrum, a) Traverse 1. b) 
Traverse 2.
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Davies (Davies 1981) and assumes that the absorption band is only composed of 

the ’A’ and ’B’ features. More recently, other absorption features have been 

proposed for this region of the spectrum, e.g. the ’D ’ band (Clark and Davey 1984 

a and b, see section 2.1). These bands are thought to be due to higher aggregation 

states and are usually only seen if the ’A’ defects have nearly all aggregated. To 

facilitate comparison with published data, my spectra were decomposed using the 

Gordon Davies method. The envelopes taken to represent pure ’A’ and pure ’B’ 

absorption lead to the numerical values given below, and do not differ significantly 

from new envelopes determined using the FT1R microscope (Mendelssohn and 

Milledge : to be published).

Firstly measure the Absorption Coefficients of the ’A’ and ’B’ peaks at 

about 1280 and 1175 cm'1 (p A and p.B respectively).

Let : M = p,A /fiB (equ 4.5.1.01)

If : M < 1.5 (i.e. there is >*10% ’B* nitrogen) then :

r = (2.72M-1)/(1-0.41M) (equ 4.5.1.02)

If : M > 1.5 (i.e. there is <*10% ’B* nitrogen) then :

r = (1.88M-1)/(1-0.5M) (equ 4.5.1.03)

when M = 1.5, r = 8.0 (equ 4.5.1.02) and r = 7.28 (equ 4.5.1.03)

!iAi2«o = M-a r/(l +r) (equ 4.5.1.04)

i.e. for M = 1.5, |iAi2*) = 0.89fiA and 0.88|iA

^ B lao = HA/(l+r) (equ 4.5.1.05)

i.e. for M = 1.5, |iAi28o = 0.11(XA and 0.12jia

Where |i Ai28o and | I B 1280 are the absorption coefficients at 1280 cm'1 due to ’A’ 

and ’B’ respectively.
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This method is thought to give 11A 1280 and p B mQ correct to ±5% of the 

total absorption at 1282 cm'1 (Davies 1981).

If this decomposition is performed for each of our spectra, we end up with 

a series of initial and final absorption coefficients due to ’A’ at 1280 cm'1, which 

are proportional to the ’A* centre concentration in the diamond. The value of the 

coefficient for the conversion of p A 1280 to concentration (N, ppm) is still not 

agreed, and so although these experiments do lead to a ratio of NA/NB (see section 

4.6) in our rate calculations we simply used the absorption coefficients.

The nature of the heating makes it impossible to follow the changes in 

concentration of ’A’ centres during the course of an experiment. The only 

information we have is the initial amount of ’A’, the final amount of ’A’, the 

temperature and the duration of the experiment. This will allow us to calculate 

the rate coefficients for the aggregation at a range of temperatures. The temperature 

dependence of the rate coefficient for most simple reactions, fits the Arrhenius 

expression;

K = K, exp(-Ea/RT) (equ 4.5.1.06)*

where

K = Rate Coefficient

T = Temperature (K) [leV = 96.485 KJmol1]

R = Gas Constant = 8.31441 JK^mol*1

K0 = Pre-exponential Factor (practically independent of temperature)

Ea = Activation Energy (Jmol1 = 96.485 x value used in eV)

From equ 4.5.1.06 :

InK = InK,, - Ea/RT (equ 4.5.1.07)

So if an Arrhenius plot is drawn of InK v.s 1/T then the gradient will be

* - Physical Chemistry, 2nd Edition. Oxford University Press. 

P.W. Atkins, equ 27.3.1a p935.
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-Ea/R and the intercept, InK,,. The method for calculating the rate coefficient (K) 

depends on the mechanism of the reaction. The reaction being studied is 

essentially:

’A’ + ’A’ - >  ’B’

i.e. ignoring any side, back or further reaction, 2 ’A’ centres (2 adjacent 

substitutional nitrogen atoms) diffuse together to give 1 ’B’ centre (4 substitutional 

nitrogen atoms arranged tetrahedrally around a vacancy). The reaction can be split 

up into two steps:

1) 2 ’A’ centres diffusing randomly, come into association with each 

other.

2) 2 associated ’A’ centres interact with each other giving a ’B’ centre 

and pushing out a carbon interstitial atom, unless a vacancy is already 

present, in which case no carbon interstitial would be formed.

It seems likely that the rate of reaction is proportional to the rate of 

collision. If this were the case, then the mechanism would be diffusion controlled 

and would be second order. The rate coefficient (K2) would then be given by :

K2 = [(l/A)-(l/A0)]/t (equ 4.5.1.08)

A0 = initial | i A ^  t = time in seconds

A = final 11 A1280

The other simple mechanism is a first order mechanism. If this were the 

case, then the rate coefficient (KJ would be given by :

K, = ln(A0/A)/t (equ 4.5.1.09)

What is meant by first order? A first order reaction is one in which the 

rate limiting step involves only one species. If the rate of diffusion of ’A* centres 

through the lattice, was the rate limiting step, then the rate of reaction would be
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proportional to the rate of collision, and hence, to the square of the ’A ’ centre 

concentration, i.e.

d[B]/dt = K2[A]2 (equ 4.5.1.10)

This would be a second order reaction.

Requirements for a f ir s t  o r d e r  reaction.

For a first order reaction d[B]/dt would vary with [A] and not [A]2, i.e.

d[B]/dt = Kj[A] (equ 4.5.1.11)

To get this result we must assume that ’A’ can form some sort of excited 

state; A*. If two ’A’ centres collide within the lattice, they simply move past 

each other, however if an *A’ and an A* collide, they immediately form a ’B* 

centre, i.e.

K,
A ^  A* —  (a)

K.t

A + A* — B —  (b)

d[B]/dt = K2[A][A*] (equ 4.5.1.12)

d[A*]/dt = KJA] - K JA *] - K^A^A*] (equ 4.5.1.13)

If we use the steady state approximation that d[A*]/dt = 0 , then equation 4.5.1.13 

becomes;

[A*] = K^AVOC, + K2[A]) (equ 4.5.1.14)

Substituting this into equation 4.5.1.12 gives :
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d[B]/dt = K.KJAJVCK, + K,[A]) (equ 4.5.1.15)

If the ’A’ and A* centres are diffusing relatively quickly so collisions are 

frequent, and the A* centre is relatively long lived, i.e. K j is small, so that;

K2[A][A*] »  [A*]K

then,

K2 [A] »  K.j (equ 4.1.5.16)

Using this assumption, equation 4.5.1.15 becomes,

d[B]/dt = K2K1[A]2/K2[A]

therefore:

d[B]/dt = KX[A] (equ 4.5.1.17)

So if we have a long lived excited ’A’ centre and collisions are frequent 

with respect to the lifetime of A*, then the aggregation will be first order. Since 

collisions are very infrequent in real time, A* would have to be exceptionally 

stable. No model is proposed for A*.

A computer program .RATCAL was written to calculate both Kx and K2 , 

given the absorbances at 1280 cm 1, 1175 cm'1 and the intrinsic absorbance at 

=1992 cm'1, of the diamond for pairs of spectra taken before and after heating. It 

also calculates the errors in Kx and K 2 (appendix 2).

Table 4.03 shows the calculated values for In Kx and In K2 and the

associated errors for the spectra taken from the samples. It is seen that in many

cases the errors are extremely large. The reason for these large errors is that one 

(or both) of the pair of spectra taken before and after the high pressure experiment 

had very high values of absorbance, which in turn lead to large errors in measuring 

the absorbances, these error are compounded during spectral decomposition and the 

calculation of the rate constants. Section A2.1 shows how the errors in Table 4.03 

are calculated.
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TABLE 4.03 The values for In K x and In K2 for each position in each 
diamond where spectra were collected both before and after heating. 
These values were calculated using the computer programme .RATCAL 
(Section A3.2).

SAMPLE /
POSmON In (S1) In K2 (p 1 S1)

OF8-1 -9.83 ± 0.72 -13.41 ± 0.30
OF8-2 -10.03 ± 1.18 -13.76 ± 0.39

OF14-1 -9.07 ± 0.54 -12.73 ± 0.42
OF14-2 -9.47 ± 1.13 -13.16 ± 0.59

OF3-1 -8.91 ± 1.05 -12.48 ± 0.62

DS42-1 -12.10 ± 52.19 -15.65 ± 2.28
DS42-3 -12.50 ± 147.98 -15.72 ± 4.34
DS42-6 -11.51 ± 44.94 -15.10 ± 3.54
DS42-7 -12.03 ± 123.71 -15.57 ± 5.80

DS33-1 -10.62 ± 7.25 -12.38 ± 1.40
DS33-2 -10.03 ± 13.83 -11.89 ± 4.80
DS33-3 -9.67 ± 3.54 -11.41 ± 1.76
DS33-4 -10.47 ± 6.30 -12.30 ± 1.40
DS33-7 -10.85 ± 12.42 -12.65 ±  1.90
DS33-8 -10.35 ± 4.65 -12.14 ± 1.18

DS17-7 -11.72 ± 64.14 -15.05 ± 4.39

FS29-1 -10.11 ± 1.15 -13.20 ± 0.38
FS29-2 -9.75 ± 0.86 -12.87 ± 0.40
FS29-3 -10.06 ± 5.31 -13.21 ± 1.73
FS29-4 -9.86 ± 2.96 -12.95 ± 1.18
FS29-5 -9.68 ± 2.28 -12.77 ± 1.09
FS29-6 -9.81 ± 8.76 -12.91 ± 3.67
FS29-7 -9.88 ± 3.74 -12.92 ± 1.47
FS29-8 -9.68 ± 2.19 -12.77 ± 1.05
FS29-9 -9.62 ± 1.20 -12.65 ± 0.62
FS29-10 -9.91 ± 3.27 -12.97 ± 1.24
FS29-11 -10.76 ± 22.70 -13.83 ± 3.65
FS29-12 -10.42 ± 1.60 -13.40 ± 0.38
FS29-13 -10.32 ± 3.74 -13.45 ± 0.95
FS29-14 -9.74 ± 1.47 -12.81 ± 0.67
FS29-15 -9.44 ± 0.98 -12.46 ± 0.60
FS29-16 -9.68 ± 2.28 -12.77 ± 1.09
FS29-17 -9.83 ± 9.55 -12.99 ± 3.91
FS29-18 -9.66 ± 4.64 -12.74 ± 2.25
FS29-19 -10.07 ± 2.97 -13.13 ± 0.97
FS29-20 -9.99 ± 1.28 -13.09 ± 0.46
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TABLE 4.03 (Continued)

SAMPLE /
POSITION In Kx (S'1) In K2 (^r1 S 1)

FS56-1 -10.02 ± 4.71 -13.18 ± 1.59
FS56-2 -10.18 ± 4.59 -13.41 ± 1.32
FS56-3 -10.20 ± 2.62 -13.42 ± 0.74
FS56-4 -10.04 ± 2.53 -13.27 ± 0.84
FS56-5 -10.07 ± 2.81 -13.29 ± 0.91
FS56-6 -10.34 ± 3.95 -13.51 ± 0.97
FS56-7 -10.61 ± 4.59 -13.84 ± 0.86
FS56-8 -9.93 ± 2.26 -13.14 ± 0.84
FS56-9 -9.46 ± 2.26 -12.60 ± 1.34
FS56-10 -9.76 ± 1.84 -13.01 ± 0.81
FS56-11 -10.00 ± 3.30 -13.29 ± 1.13
FS56-12 -10.23 ± 3.90 -13.45 ± 1.07
FS56-13 -10.49 ± 5.04 -13.71 ± 1.06
FS56-14 -9.85 ± 2.27 -13.09 ± 0.91
FS56-15 -9.57 ± 1.36 -12.96 ± 0.72
FS56-16 -9.75 ± 1.67 -13.12 ± 0.75
FS56-17 -10.34 ± 2.72 -13.58 ± 0.68
FS56-18 -10.65 ± 3.39 -13.96 ± 0.62

FH42-1 -8.79 ± 1.99 -12.18 ± 1.91
FH42-2 -9.06 ± 1.35 -12.53 ± 1.00
FH42-3 -9.27 ± 1.70 -12.83 ± 1.03
FH42-4 -9.16 ± 1.35 -12.68 ± 0.91
FH42-9 -9.09 ± 1.57 -12.59 ± 1.13
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There are several factors that may cause high absorbances in the spectrum. 

These are; a high concentration of ’A’ or ’B’ nitrogen, a thick specimen or a high 

background absorbance. A high background absorbance is a big problem with 

samples DS33, DS42 and DS17, because they have rounded (110) faces. More 

generally it is a problem with all our samples after the high pressure experiments, 

because the removal of the graphite coat formed during the experiments is 

incomplete and also that the new diamond surface is heavily etched, which 

produces more ’scatter’ of the infra-red beam at the upper and lower surfaces. The 

{110} specimens are being polished to see whether better data can be obtained.

Figures 4.22 and 4.23, illustrate the errors in In and In K2, by plotting 

the range of In K for each point measured in each stone. The data for each plot

is spread out along the x-axis so points measured within a stone can be compared.

Figure 4.22 shows the first order rate constants:

4.22a - Gives the data for OF3, OF8 and OF14.

4.22b - Gives the data for DS17, DS33 and DS42. It is noted that there is a

consistent difference between the rate constants for DS33 and DS42, 

two stones that were heated in the same experiment. This was the basis 

of our assumption that there is a temperature gradient across the heater 

cylinders; (section 4.2.1).

4.22c - Gives the data for FH42.

4.22d - Gives the data for traverse 1 across FS29.

4.22e - Gives the data for traverse 2 across FS29.

4.22f - Gives the data for traverse 1 across FS56.

4.22g - Gives the data for traverse 2 across FS56.

It should be noted in Figures 4.22 d) to g) that the points that had been 

irradiated prior to the high pressure experiments, have rate constants that are not 

significantly different from the non irradiated positions on these stones.

Sample PB24 had not been heated for long enough to observe any 

measurable aggregation.
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FIGURE 4,22 The first order rate constants for the aggregation of 
*A* centres in diamond, calculated from the one-phonon region of 
infra-red spectra taken through samples both before and after heating. 
In each case the numbers along the X-axis correspond to the 
spectrum reference numbers from Figures 4.12 to 4.21 and the 
positions shown in Figures 3.01 to 3.19.

For each stone , is the optimum value calculated for the 
data.
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g) ▼ - Traverse 2 on FS56.
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damage was most intense.
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FIGURE 4.23 The second order rate constants for the aggregation 
of *A* centres in diamond, calculated from the one-phonon region 
of infra-red spectra taken through samples both before and after 
heating. In each case the numbers along the X-axis correspond to 
the spectrum reference numbers from Figures 4.12 to 4.21 and the 
positions shown in Figures 3.01 to 3.19.

For each stone 4- , is the optimum value calculated for the 
data.
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Figure 4.23 shows the second order rate constants in the same format as 

the first order rate constants in Figure 4.22, and similar conclusion can be drawn: 

i.e.that the radiation damage that was inflicted on our samples, did not to 

accelerate the rate of ’A’ aggregation. FS29 and FS56 were not the most strongly 

irradiated of our samples, they happened to be the two that survived heating. 

Perhaps a more strongly irradiated sample, or more particularly, one that had been 

irradiated with more energetic particles (e.g. neutrons) would have sufficient 

damage to accelerate the diffusion and hence aggregation of ’A’ centres. The third 

point to notice is that within each sample, all of the rate constants (allowing for 

their errors) are effectively the same, i.e. the rate constant with the lowest 

associated error e.g. position 1 in Figure 4.22d, is consistent with all of the other 

points measured within that stone. The great advantage of being able to use the 

infra-red microscope to take a number of spectral measurements from a single 

specimen becomes apparent, because if an optimum value is calculated for samples 

where two or more pairs of spectra are available, the errors are greatly reduced. 

These values are collected in Table 4.04 and also shown in Figures 4.22 and 4.23, 

in order to compare them with the original values.

The optimum values were calculated using the following relationships:

MEAN = ZttjX/XC0j

and

VARIANCE = Zcn/a/AIcOj)2 

where, cOj is the weight of the j* value of X, and Oj the standard deviation 

(’Statistical mathematics’ A.C. Aitken, p 108,9).

Arrhenius plots were drawn using the optimum values for both the first and 

second order rate constants (Figures 4.24 and 4.25 respectively). Diamond DS17 

was relatively cool and so very little aggregation would be expected. It is seen 

from Figures 4.22 and 4.23, that the errors in both the first and second order 

values for DS17 are so large that it is impossible to say whether any aggregation 

took place at all. For this reason the values for DS17 are not included in the 

Arrhenius plots.

Fitting a straight line to each Arrhenius plot involves taking account of the
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TABLE 4.04 The data used to construct the first and second Arrhenius plots shown in 
Figures 4.24 and 4.25. The values and the errors in lnKj and lnK2 are the optimum values 
calculated using the data from Table 4.03, where more than one data point was present.

SAMPLE/
POSITION

107TEMP (K*1) 
(sample) In K2 (S*1) In K2 (p*1 S*1)

OF8 3.568 ± 0.064 -9.88 ± 0.61 -13.54 ± 0.24
OF 14 3.505 ± 0.061 -9.14 ± 0.49 -13.02 ± 0.34
OF3 3.517 ± 0.062 -8.91 ± 1.05 -12.48 ± 0.62
DS42 3.669 ± 0.067 -11.81 ± 32.0 -15.53 ± 1.68
DS33 3.463 ± 0.060 -10.11 ± 2.34 -12.27 ± 0.65
DS17 3.970 ± 0.079 -11.72 ± 64.1 -15.05 ± 4.39
FS29 3.457 ± 0.060 -9.80 ± 0.39 -13.02 ± 0.16
FS56 3.521 ± 0.062 -9.89 ± 0.59 -13.36 ± 0.21
FH42 3.421 ± 0.059 -9.09 ± 0.69 -12.63 ± 0.49

TABLE 4.05 First and second order activation energies and pre- 
exponential terms for the aggregation of ’A* centres. The 
experimental values are derived from the best fit lines in Figures 
4.24 and 4.25. The maximum and minimum values are derived from 
geological constraints.

Maximum Minimum Experimental

First order:
Ea (KJmol'1) 1200.0 557.0 246.1
Ea (eV) 12.4 5.7 2.6
In K0 +40.5 +13.5 +0.8

Second order:
Ea (KJmol*1) 971.7 582.0 674.8
Ea (eV) 10.1 6.0 7.0
In +27.9 +11.5 +15.3
In Koppm (from equ +25.0 +8.6 +12.5
4.5.2.02)
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errors in both the temperature and the rate constant. This is a non-trivial statistical 

problem and was given to Dr C.M. O’Brien (Statistical Consultant, University of 

London Computer Centre (ULCC)), who, by assuming that the errors in the 

temperature measurements were effectively negligible compared to the errors in the 

rate constants, was able to derive the solutions shown in Figures 4.24 and 4.25 

(Kendall and Stuart, Vol 2, ’The advanced theory of statistics’ discuss ’some’ of 

the mathematics involved in their Chapter 29). The first order solution (Figure 

2.24) gives an activation energy of 246.1 KJmol'1 (2.6 eV) and a InlQ of +0.8 sec' 

\  The second order solution (Figure 4.25) gives an activation energy of 674.8 

KJmol1 (7.0 eV) and a InK,, of +15.3 p^sec'1. Figures 4.24 and 4.25 also show the 

maximum and minimum possible values of the activation energy, as derived from 

geological constraints as follows

[The activation energy windowl for ’A’ —> ’B’ aggregation. Limits can be placed 

on possible values of the activation energy for the following reasons:

Minimum value.

There are diamonds containing -3000 ppm N, which do not show more 

than 1% conversion, but which must have been at temperatures above 900°C for 

up to 1 Gy, which corresponds to an activation energy of 557.0 KJmol1 (5.7 eV) 

if a first order mechanism applies, and 582.0 KJmol*1 (6.0 eV) if a second order 

mechanism applies.

Maximum value.

There are diamonds containing as little as 100 ppm N, which show 99% 

conversion of ’A’ —> ’B ’ which cannot have taken longer than 3 Gy or involved 

temperatures above 1600°C (as determined from inclusion geothermometry) and 

this corresponds to an activation energy of 1200.0 KJmol*1 (12.4 eV) if a first 

order mechanism applies, and 971.7 KJmol*1 (10.1 eV) if a second order 

mechanism applies.

The maximum, minimum and experimental values for the activation energy 

and lnK* are given in Table 4.05. The experimental results, assuming a first order
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mechanism are clearly at variance with aggregation states found in natural 

diamonds, where as the results, assuming a second order mechanism are not. First 

order mechanisms will not be considered further, and it is concluded that the 

’A’ —» ’B’ aggregation process is second order.

4.5.2 Units for the second order pre-exponential factor (Ko).

The second order Arrhenius plots in Figure 4.25 are given by equation 

4.5.1.07, i.e.

InK = InKo - Ea/RT

where:

K = (l/A)-(l/A0)/t and t = time (sec)

Rather than use absolute concentrations for A and Aot the Arrhenius plots 

were constructed using the initial and final absorption coefficients for the peak at 

1280 cm'1 due to the ’A’ centre (|iAi28o)- This was because of uncertainties in the 

factor used to convert |iA12«o to nitrogen concentration. However, this does not 

effect the calculated activation energies, i.e. the gradient of the line will remain the 

same, whatever units of ’A’ are used.

The units of Ko from Figure 4.25 are p^sec"1. Many of our calculations 

required these units to be in ppm 1 sec1, so a conversion factor had to be 

calculated. This was done as follows:

From equations 4.5.1.06 and 4.5.1.08 :

[(l/A)-(l/A0)]/t = K0exp(-Ea/RT)

if = K„ with units of p.1 sec'1

and Koppm = K,, with units of ppm'1 sec'1

then taking

A ppm = 33.3 p.A1280 (Kaiser and Bond 1959)

K ^  = 0.031^ (equ 4.5.2.01)
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or if

A ppm = 17.6 |iA128o (Collins and Lang 1990, Diamond Conference: Unpublished)

= 0.0571^ (equ 4.5.2.02)

4.6 The ratio of the absorption coefficients for ’A’ and ’B* nitrogen.

During the aggregation experiments the concentration of ’B’ centres increases 

at the expense of ’A’ centres. If it is assumed that all of the ’A’ centres lost 

become ’B’ centres and that there is no significant loss of nitrogen from the 

system, then increase of the ’B’ peak in the infra-red should be proportional to the 

decrease of the ’A’ peak. We have seen (section 4.5.1) that the absorption 

coefficient of the peak at 1280 cm'1 can be decomposed into its ’A’ and ’B’ 

components, jia1280 and respectively. These are proportional to the

concentration of nitrogen in the form of each defect, i.e.

Na = a A p. 1280 (equ 4.6.01)
and

NB — Otg 1280 (equ 4.6.02)

where NA and NB are the concentrations of nitrogen ’A’ and ’B’ centres 

respectively, and a A and a B are constants of proportionality.

If no nitrogen is lost, then:

A N b =  -A N a

therefore

0CB Ap.Bi280 =  ~ 0tA Ap,Ai280

then

^M”Bi28o = ■ (c^a/ctB)A|iAi28o (equ 4.6.03)

So if A|iBi280 is plotted against -A n^^, then the result should be a straight 

line through the origin with a gradient of

The most reliable pair of spectra from each diamond were chosen from the
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traverses in Figure 4.23 and A(iA12g0 and A|iB1280 calculated. No data from diamonds 

PB24 and DS17 was used, because for these diamonds, the quality of the spectra 

collected after heating was very poor (Figures 4.17 and 4.21), and the amount of 

aggregation was very small, making A|XA1280 and A|iB12g0 difficult to measure.

The data used is plotted in Figure 4.26 and the resulting best fit is a straight 

line with a gradient of 0.177, that almost cuts the origin.

Experiments have been carried out by other workers with the aim of 

calculating a A and a B. The usual approach is to bum diamonds that are thought 

to be pure IaA and IaB, in order to measure the residual gases using a mass 

spectrometer. The drawback here is the difficulty in finding diamonds that are 

pure IaA and IaB, and results often differ. Until recently the values most 

commonly used were:

a A = 33.3 (Kaiser and Bond 1959)

Ota = 117.6 (Sobolev and Lisoivan 1972)

for the conversion to concentrations in ppm. If these are correct then (a A/a B) =

0.283, quite different from our ratio of 0.177.

However, more recent work (Collins and Lang 1990, Diamond Conference: 

Unpublished) has produced values of a A = 17.5±0.4 and a B = 103.8±2.5, which 

would give a ratio of 0.169±0.8, which agrees well with our value and with the 

preliminary value of approximately 0.2 obtained from work in progress in this 

laboratory.

4.7 The platelet peak.

The peak at about 1370 cm'1 just above the one-phonon region of the 

diamond infra-red spectrum varies directly with the concentration of the extended 

defects called ’platelets’. Platelets are found parallel to the (100) planes in diamond 

and although they may extend in some cases up to 10 |im within this plane, they 

are only a few atoms thick. Because they are so thin, their exact structure and 

composition is unknown, but it is possible that they contain at least some nitrogen
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(Lang 1964; Evans 1976; Barry 1982; Berger and Pennycook 1982).

Up to a point, the integrated area of the platelet peak is proportional to the 

extent of aggregation of the ’A’ centres to give ’B’ nitrogen absorbance (Figure 

4.27)(Bro zel et al. 1978; Davies 1981), although beyond about 60% aggregation 

or sometimes after complete conversion to ’B ’, this trend breaks down, and the 

platelet peak begins to collapse. It was noted by Woods (1986) that when two ’A’ 

centres aggregate to a ’B’ centre, a vacancy must be formed, unless of course there 

is already a vacancy present. Woods proposed, in view of the correlation between 

the aggregation state and platelet peak area, that the platelets may be largely 

composed of the interstitial carbon atoms produced on forming the ’B ’ centre.

The platelet peak is not found at a constant position; it ranges from about 

1378 cm'1 to 1358 cm'1 (Davies 1977). As platelets get bigger the peak position 

moves to lower wavenumbers (Sumida and Lang 1988), and as the peak is usually 

skewed and of variable width, the peak area is measured rather than simply the 

peak height.

One would expect that during aggregation experiments, the platelet peak 

would grow and move to lower wavenumbers, i.e. follow the trend shown in 

Figure 4.27, but it is commonly found that the platelet peak collapses during 

heating experiments.

Our aggregation experiments on diamond provided an ideal opportunity to 

investigate the relationship between nitrogen aggregation and the platelet peak 

behaviour. The results of this investigation will be discussed in the following 

section.

4.7.1 The behaviour of the platelet peak during the nitrogen aggregation 

experiments.

It was seen in section 4.2.2 that there are systematic errors associated with 

the measurement of an absorption coefficient, and that these can be very large. 

When calculating the rate of aggregation for each sample in section 4.5.1, the 

errors in lnK^ and lnK2 were calculated (Figures 4.21 and 4.22), these can be taken
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as a measure of how good the spectra used to make the calculation were. Only the 

most reliable pairs of spectra from each sample were used in the calculations.

If we examine spectra for our samples taken before heating (Figure 4.28), 

we can see that the correlation between the platelet peak and the extent of 

aggregation compares very favourably with the correlation shown in Figure 4.27 

(Davies 1981). There is a difference in the Y-axes used in these two diagrams; 

for our samples the integrated platelet peak area was measured as opposed to the 

peak height. As already stated, it would be expected that during aggregation the 

data points would migrate, roughly in the direction of the dotted line shown in 

Figure 4.28. This is not the case; all of the points drop below this line. In most 

cases the platelet peak is actually decreasing, but in all cases it is decreasing 

relative to the expected peak area. The extent of the decrease in neither absolute 

or random. The experimental results define a new relationship between ’B’ nitrogen 

absorbance and platelet peak area for laboratory-aggregated defects which is as well 

defined as that for the random selection of natural diamonds, but has a different 

constant of proportionality.

The platelet peak is sometimes diminished or actually absent in a number 

of natural diamonds showing a complete IaA —> IaB conversion; such diamonds 

show voidites (Bursill and Glaisher 1985), there are therefore natural pressure- 

temperature-time conditions under which the platelet peak diminishes, but 

apparently these are not usually encountered until more or less complete conversion 

to ’B’ nitrogen has been achieved.

It would be interesting, therefore to analyze more spectra from natural 

diamonds to see if other ’B’ nitrogen / platelet relationships exist.

4.8 The 3107 cm 1 peak.

Several of the diamonds used in the high pressure experiments had an infra

red peak at 3107 cm'1 (due to a carbon-hydrogen bond stretching mode (Woods 

and Collins 1983)), these were OF8, DS17, DS34, FS44, FS49, FS56, and PB24. 

Of these only OF8, DS17, FS56 and PB24 survived the experiments. After heating 

there was no detectable change in either the position or intensity of the peak.

14 2



The relationship between the peak height and the rate of graphitization will 

be discussed in chapter 7.
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CHAPTER FIVE

The composition of mineral inclusions in relation to their occluding diamond 

5 1  INTRODUCTION

It was shown in chapter 2, that a great deal of work has been carried out 

with respect to the compositions of mineral inclusions in diamond. Many different 

geothermometers and barometers have been applied to these inclusions. A pair of 

coexisting inclusions; e.g gamet/olivine or orthopyroxene/clinopyroxene, in contact 

with one another would be expected to continue to equilibrate with changing 

temperature after entrapment within the diamond, until this equilibrium is quenched 

by rapid emplacement during a kimberlite eruption. Therefore a pair of coexisting 

inclusions in contact would yield the temperature and pressure immediately prior 

to emplacement. A pair of similar inclusions that were separated by the diamond 

matrix and so were not in contact would have been prevented from equilibrating 

with each other since being trapped. These would therefore presumably yield the 

temperature and pressure at which the diamond grew. To have confidence in data 

obtained from this second type of inclusion, a large assumption has to be made,

i.e. the pair of inclusions must have both been in equilibrium with the same liquid 

or solid when they were trapped. This requires either that the diamond grew 

rapidly or that if diamond growth was slow or intermittent, both the inclusions 

were trapped at the same stage of growth.

In previous studies, the inclusions have been extracted from the diamond 

in one of two ways; either by burning away the diamond, or more usually cracking 

the diamond in a vice type arrangement. This is far from satisfactory because, the 

positions of the inclusions are very difficult to determine before cracking, and after 

cracking the diamond is often in countless pieces ranging in size, from . large 

chunks to fine powder, so that all spatial information is usually lost.

In order to overcome this problem, the inclusions analyzed in this study 

were exposed by cutting thin plates out of whole diamonds, and polishing these 

down to expose the inclusions. The plates were prepared by Drukker International 

BV, The Netherlands. The advantage of this technique is that it allows several
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useful observations, for example, infra-red spectra may be taken directly adjacent 

to an inclusion. Also it is possible to estimate whether or not different inclusions 

within the same plate were trapped during the same stage of growth by comparing 

their positions with the internal stratigraphy of the diamond as shown by cathodo- 

luminescence. Spectra taken in traverses across these plates give some indication 

of whether growth was continuous.

The inclusions were analyzed using an SX50 Cameca electron microprobe 

at the Purdue University of in Indiana (Appendix 1). The instrument is equipped 

with four wavelength dispersive spectrometers that enabled rapid and accurate 

analyses. The probe work was conducted under the supervision of Professor H.O. A. 

Meyer who has many years experience analyzing diamond inclusions.

One of the aims of this series of analyses was to compare the temperatures 

obtained from inclusion geothermometry with the infra-red spectra measured near 

the inclusions, in order to test the activation energy for the aggregation of ’A’ 

centres, calculated in chapter 4.

Unfortunately, no pre-selection of samples was possible and thus some of 

the plates had only one inclusion, or inclusion pairs not suitable for 

geothermometry. Nevertheless, with these inclusions it is feasible to make 

comparisons between the inclusion mineralogy and the temperatures calculated 

from the infra-red spectra. Also, knowledge of the inclusion mineralogy, allows 

classification of the host diamond as belonging to either the eclogite suite or the 

peridotite suite. Such information allows an estimate of storage time to be made, 

which is vital for converting an infra-red spectrum into a storage temperature. (It 

was noted in chapter 2 that the peridotite suite diamonds have far longer storage 

times than the eclogite suite diamonds). One major benefit of this new preparation 

method is that it preserves the diamond/inclusion interface.

In addition some diamonds from Brazil were cracked to release the 

inclusions and the diamond fragments used in infra-red spectral studies.

All of the samples relevant to this chapter are described in section 3.5.
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5.2 Mineral inclusion data for the cracked Brazilian stones and the polished

plates.

5.2.1 The Brazilian stones.

Five diamonds from Romaria, Western Minas Gerais, Brazil, were cracked 

and the inclusions retrieved; all the inclusions were apparently isolated. The 

inclusions were then mounted in epoxy and polished. A total of twelve inclusions 

were analyzed. Table 5.01 summarizes the different inclusions found in each 

diamond. No chemical zoning was observed in any of these inclusions and average 

compositions, in terms of concentrations in weight fraction, for each of these arc 

presented in Table 5.02.

The chemical data for the inclusions are plotted on composition diagrams, 

Figures 5.01, 5.02 and 5.03 and all fall within the ranges commonly found in 

diamond inclusions. Four of the host diamonds fall within the peridotite suite 

(Meyer 1987), namely ROSV02, ROSV03, ROSV04 and ROBS11, i.e. they contain 

olivine, diopsidic clinopyroxene, orthopyroxene or chrome pyrope garnet. On the 

other hand, ROOH03 has an orange inclusion that is either quartz or coesite and 

so this diamond falls within the eclogite suite.

ROSV02, ROSV03 and ROSV04 have the correct combinations of inclusions 

to allow either one or many of the standard geothermobarometers to be applied. 

This was done using TEMPEST (Finnerty and Boyd 1984, 1987). The results are 

summarized in Table 5.03. TEMPEST is a program that contains several hundred 

thermobarometers for many different mineral pairs. Prof. Meyer suggested that 

WE77 (Wells 1977) and LD76(20) (Lindsley and Dixon 1976) were the most 

reliable thermometers and MC74 (MacGregor 1974) the most reliable barometer for 

orthopyroxene/clinopyroxene pairs, and that OW79 (O’Neill and Wood 1979) was 

the most reliable thermometer for gamet/olivine pairs. The pressure/temperature 

calculations have been restricted to these.

It can be seen (Table 5.03) that the difference in the temperatures calculated 

for ROSV03 and ROSV04 is 107°C for WE77 and 199°C for LD76(20), so there
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TABLE 5.01 A summary of the inclusions that were cracked out of five diamonds 

from Romaria, Western Minas Gerais, Brazil

DIAMOND TYPE SUITE OLV GT OPX OPX/CPX

ROSV02 IaA—»IIa P 1 1

ROSV03 Ea P 2 1 1

ROSV04 Ia(A+B) P 1

ROBS 11 Ia(B+A) P 2

ROOH03 Ia(A+B) E

OLV - Olivine. P - Peridotite Suite.
GT - Garnet E - Eclogite Suite.
OPX - Orthopyroxene.
QTZ - Quartz.
OPX/CPX - Orthopyroxene/Clinopyroxene pair in contact

QTZ

1
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FIGURE 5.02 Composition diagram for the clinopyroxene inclusions 
analyzed in this work, plotted in terms of Ca-Mg-Fe1.
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FIGURE 5.03 Composition diagram for the garnet inclusions analyzed 
in this work, plotted in terms of Ca-Mg-Fe*.
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is a large discrepancy in the temperatures calculated using these two thermometers. 

This is because the thermometers were calibrated using different sets of 

experimental data.

Sample ROSV03 has both a touching OPX/CPX pair and a non-touching 

pair. The temperatures obtained from the touching and non-touching pairs are 

almost identical. This suggests that ROSV03 was stored at a reasonably constant 

temperature between formation and being carried up to a near surface environment 

by an erupting kimberlite. This suggests storage in a stable thermal environment, 

e.g. a lithospheric root zone.

When one of the diamonds contains more than one inclusion of the same 

type, the compositions of these inclusions are very similar (Table 5.02 and Figures

5.01). This suggests that; (1) the diamonds grew relatively quickly, so that both 

inclusions were in equilibrium with the same liquid, (2) the inclusions formed at 

a similar time, or (3) the magma did not change appreciably during diamond 

growth.

In section 5.3, data from these mineral inclusions will be compared to 

information obtained from the infra-red spectra of the occluding diamonds.

5.2.2 The polished plates.

Twelve polished diamond plates from ten different diamonds, some of which 

had different inclusions exposed on both faces of the plate were available for 

study. The diamonds came from a variety of different locations, and in, Table 5.04 

is also summarized the number of different inclusions found in each diamond. As 

with the Romaria diamonds, no chemical zoning was observed in any of the 

inclusions and average compositions, in terms of concentrations in weight fraction, 

for each of these are presented in Tables 5.05 and 5.06. These inclusions are 

plotted on composition diagrams (Figures 5.01, 5.02 and 5.03).

Unfortunately only diamond TP9 has coexisting inclusions that allows one 

of the standard geothermometers to be used. TP9 has six olivine inclusions and 

four chrome-pyrope inclusions, and is therefore a peridotite suite diamond. The
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four garnets, two of which themselves contain a chromite inclusion, have similar 

compositions and similarly, the olivine inclusions show only minor variations in 

composition and this is within the error of the probe analysis. The inclusions were 

scattered throughout the diamond and this suggests as with the Brazilian diamonds 

that; (1) the diamonds grew relatively quickly, so that both inclusions were in 

equilibrium with the same liquid, (2) the inclusions formed at a similar time, or 

(3) the magma did not change appreciably during diamond growth.

Using combinations of olivine and garnet inclusions from these diamond 

plates, temperatures can be calculated with the thermometer OW79 (Table 5.07). 

The approximate position of each inclusion within the TP9 is shown in Figure 

5.04.

5.3 The comparison between temperatures calculated from inclusion 

geothermometrv and storage temperatures calculated from the infra-red 

spectrum of the occluding diamond.

Four of the diamonds from which inclusions had been extracted and analyzed 

had the correct combination of inclusions to allow one or more of the standard 

geothermometers used in the TEMPEST programme to be applied. The 
temperatures calculated for these diamonds are given in section 5.2 and are 

summarized in Table 5.08. Three of these diamonds; ROSV02, ROSV03, and 

ROSV04 were from the Romaria mine in Brazil. Infra-red spectra were taken 

through some of the medium sized fragments of these stones using the Bruker 

IFS45, Fourier transform infra-red spectrometer equipped with a microscope at 

U.C.L. The fourth diamond TP9 was one of the specimens that had been cut into 

thin plates, and so the spectra of this stone were taken through the diamond 

adjacent to the inclusions.

The calculation of a storage temperature from an infra-red spectrum, requires 

that an estimate of storage time be made. All of the four diamonds belonged to 

the peridotite suite, and so it is likely that they were formed somewhere between

3.3 and 3.2 Gy ago (chapter 2). The provenance of TP9 is unknown, although it 

is likely to be from Western Africa. In view of this uncertainty the date of 

emplacement may range from about 1.5 Gy to 0.1 Gy and hence the storage time

15 7



TABLE 5.07 The temperatures calculated for diamond TP 9 (probably West 

African) using the O’Neill and Wood geothermometer (1979) in TEMPEST 

(Finnerty and Boyd 1984,1987). The inclusions were not suitable for geobarometric 

calculations. The position of each inclusion within it’s plate is shown in Figure 

5.04.

PLATE INCLUSIONS TEMP °C

A A l + A4 1202
A A2 + A4 1295
A A3 + A4 1274

B Bl + B4 1219
B B2 + B4 1229
B B3 + B4 1264
B B l + B5 1252
B B2 + B5 1260
B B3 + B5 1295

OLIVINE - A l, A2, A3, B l, B2, B3. 
GARNET - A4, B4, B5. (Chrome-pyrope)
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TP9A (side 1) xp9A (side 2)

A2
A3

A4+A5
Al

TP9B (side 1)

B2

B3Bl

B4

TP9C

Cl

TP9B (side 2)

B5+B6

TP9D

FIGURE 5.04 Schematic diagram of the plates cut from TP9, showing the 
positions of the inclusions and the positions where spectra were collected, 
that had sufficient absorbance in the one-phonon region to allow a 
temperature to be calculated.

x - positions where spectra were collected.

Olivine - A l, A2, A3, B l, B2, B3. 
Chrome-pyrope - A4, B4, B5, C l. 
Chromite in chrome-pyrope - A5, B6.
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TABLE 5.08 A comparison between the temperatures calculated using 

mineral inclusion geothermometers and those calculated using the ’A ’ —> ’B’ 

aggregation state, found from the one phonon region of the diamond infra

red spectrum. This data is presented graphically in Figure 5.05.

DIAMOND TEMP °C (M.I.) TEMP °C (I.R.a) TEMP °C (LR.b)

RSOV02 1292 1017->1043 1161-41192

RSOV04 910-4970 1079-»1170 1233->1337

TP9 1202—>1295 1066-41110 1217-»1269

M.I. The temperature calculated using inclusion geothermometry.

I.R. The temperature calculated using the infra-red spectrum. A storage time 

of between 1 and 2 Gy was assumed for the Romaria diamonds and of 

between 1.5 and 3 Gy for TP9.

a) Using Ea = 674.8 KJmol'1 (chapter 4)

b) Using Ea = 733.0 KJmol'1 (Evans and Qi 1982)



from about 1.5 Gy to 3.0 Gy. This range is very large, but because of the 

exponential relationship of the ’A’—>’B’ aggregation rate with temperature (section

6.2), this large uncertainty as to the storage time will only lead to about a 20°C 

uncertainty in the calculated storage temperature.

Unfortunately the Romaria stones are from a placer deposit, and the 

kimberlite from which they originate is also unknown. However the presence of 

green spots on some Romaria diamonds is akin to those of known Precambrian 

age in Brazil. For the purposes of discussion an age of 1.5±0.5 Gy is used as an 

estimate of the storage time. As with TP9 this large range in the storage time will 

only result in a small (*20°C) uncertainty in the calculated storage temperature.

In section 6.3, it was demonstrated that by knowing the storage time for a 

diamond, the storage temperature can be calculated from the infra-red spectrum, 

by first calculating [(1/A)-(1/A0)] and the by using equation 6.2.03.

ROSV03, unfortunately proved to be Type II (i.e. contained no infra-red 

active nitrogen). For the other Brazilian stones the nitrogen content, within 

individual diamonds, was highly variable, some fragments having no infra-red 

active nitrogen and others with several hundreds of parts per million. However, 

variations in the aggregation state of the infra-red active nitrogen although they 

did exist, were much smaller. Part of the variation may be explained by the 

intrinsic errors of absorbance measurements and spectral decomposition, but some 

of the variation may also represent a step growth process.

ROSV02; Fourteen spectra were taken through five fragments of this 

diamond. Five of these spectra had good strong infra-red peaks that enabled the 

A/B ratio (M) to be measured. Assuming a storage time of 1.5±0.5 Gy, the 

calculated storage temperatures are in the range 1017 to 1043°C (Table 5.08).

ROSV04; Seventeen spectra were taken through seven fragments of this 

diamond. Five of these had peaks strong enough to measure. Again, by assuming 

a storage time of 1.5±0.5 Gy, the calculated storage temperatures are in the range 

1079 to 1170°C (Table 5.08).

TP9; Twenty five spectra were taken through the four TP9 plates; A,B,C
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and D. The peak heights were generally very low, and it was only possible to get 

meaningful measurements from four of these spectra, one from plate C and three 

from plate D. Assuming a storage time of between 3.0 and 1.5 Gy, the calculated 

storage temperatures, shown in Table 5.08 are in the range 1066 to 1110°C.

In Figure 5.05, the range of temperatures calculated for each of these three 

diamonds using the infra-red spectra are plotted against the range of temperatures 

calculated using the inclusion geothermometers. They would be expected to plot 

along the straight line if, a) the inclusion geothermometers give accurate 

temperatures, b) the activation energy and pre-exponential term for the aggregation 

of ’A* centres, calculated from the high pressure experiments, are correct, and c) 

each diamond was stored at a constant temperature between formation and 

emplacement. If the experimental aggregation data is wrong, but conditions a) and

c) are good, then the three diamonds would plot on a line parallel to the straight 

line shown in Figure 5.05.

All of the data points plot close to the line, although none of them plot on 

it. It should be noted that the range of temperatures plotted for each diamond only 

reflects the range obtained by using spectra from different parts of the diamond or 

different geothermometers, and does not account for errors that may arise from the 

method of temperature determination. If for instance we consider the effect of 

using a different activation energy for ’A* —* ’B’ aggregation e.g. 733 KJmol1 (7.6 

ev) (Evans and Qi 1982), we can see from Figure 5.05, that the infra-red 

temperatures increase by about 150°C moving both TP9 and RSOV02 much closer 

to the line, but RSOV04 further away. It would appear that an incorrect activation 

energy cannot completely account for the observed inconsistencies.

If diamonds have experienced multi stage storage, at different temperatures, 

then for reasons stated in section 5.1, a non-touching pair of inclusions (TP9 and 

RSOV02) would record the temperature at which the diamond trapped the 

inclusions, whilst a touching pair of inclusions (ROSV04) would record the 

temperature prior to emplacement, the infra-red spectrum however, would yield a 

temperature close to the highest temperature experienced by the diamond (section

6.3). Therefore diamonds could plot above the line of equal temperature shown in 

Figure 5.05. Diamonds could however, plot below this line if the inclusion pair
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FIGURE 5.05 A comparison between the temperatures calculated using 
mineral inclusion geothermometers and those calculated using the ’A’ —» ’B’ 
aggregation state found from the one-phonon region of the diamond infra
red spectrum.

 results using Ea = 674.8 KJmol'1 (chapter 4)
 results using Ea = 733.0 KJmol'1 (Evans and Qi 1982)

163



were non-touching and trapped by an early growth stage of the diamond, and if 

spectra were only collected through later grown diamond that had only experienced 

lower temperatures.

5.4 Chromite inclusions in garnets included in diamond.

It was noted in section 5.2.2 that two of the chrome-pyrope inclusions in 

diamond TP9, themselves had chromite inclusions. These are extremely rare 

samples and we were lucky that the polishing had in both cases, exposed the 

chromites (Figure 5.06). It should be noted that a garnet inclusion containing an 

inclusion had previously been reported (Harris et al. 1970), the occluding diamond 

showed x-ray extra spots and had platelets and so a significant proportion of ’B’ 

nitrogen. It is possible that inclusions are common in garnet inclusions but that 

they are only rarely found. Analyses of the gamet/chromite inclusions in TP9 are 

given in Table 5.06. In view of their rarity it is felt that these inclusions merit 

further attention.

Using the Cameca Image Processing Program (CIPP), x-ray images were 

produced for these two inclusion pairs. Each image was collected over an area of 

122 pm by 122 pm and contained 512x512 pixels of information. Images were 

collected for, iron, aluminium, magnesium and chromium (Figures 5.07 and 5.08). 

Figure 5.07 shows element maps for inclusions A4 and A5. Figure 5.08 shows 

element maps for inclusions B5 and B6. From the images, it is clear that the 

inclusions are relatively uniform in composition. Another point to notice is the 

presence of magnesium along a crack leading from chrome-pyrope inclusion (B5) 

(Figure 5.08). Magnesium was the only one of these four elements to be detected 

along this crack. The sharp edges of the inclusions show how well the diamond 

plates had been cut and polished.

5.5 Diamond inclusions in diamond.

One sample not mentioned so far in this chapter is A416M. This plate was 

cut from the same diamond as plate A416L, and it has two diamond inclusions 

exposed on it’s surface.
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a)

100 p.m

F I G U R E  5 -0 6  Photographs of chromite inclusions in chrome-pyrope 
inclusions within diamond TP9. a) Inclusions A4 and A5. b) Inclusions 
B5 and B6.
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A416M showed a marked stratigraphy in cathodo-luminescence (Figure 5.09). 

50 infra-red spectra were collected through this diamond plate. All of these had a 

very similar nitrogen aggregation state (Type IaA). There were, nevertheless three 

different sorts of spectra measured. These were confined to different areas of the 

plate and coincide with the stratigraphy evident from cathodo-luminescence 

photographs (Figure 5.10). They are; a) moderate nitrogen + 3107 cm'1 peak (due 

to hydrogen), b) moderate nitrogen, and c) high nitrogen. Typical examples of 

these spectra are shown in Figure 5.11.

Both of the diamond inclusions have similar spectra to the hydrogen rich 

section of the diamond plate, and therefore were probably formed at the same 

time and then trapped by subsequent diamond growth. Because there has been 

little aggregation (as evidenced by the small platelet peak in Figure 5.11) of the 

’A* nitrogen in any part of this plate, it is only possible to set a maximum storage 

temperature for this diamond (» 1200°C). At this temperature there could have 

been a gap of anything up to 1000 my between the three principal growth stages, 

without producing a significant difference in the infra-red spectra observed across 

this diamond.

5.6 Possible evidence for the diffusion of metal ions from inclusions into the 

diamond matrix.

It was seen in section 5.4 that the method of polishing diamond plates to 

expose inclusions, preserved the inclusion/diamond interface. It would appear from 

the element maps (Figures 5.07 and 5.08) that there is no smearing of the inclusion 

across the face of the diamond plate, i.e. the interface is very sharp. A preliminary 

investigation was carried out in order to discover wether any metal ions had 

diffused out of mineral inclusions and into the diamond.

Two samples were examined; 1) an iron/nickel inclusion in the synthetic 

plate SYSE, and 2) a pyrope-almandine inclusion in the Premier plate P12.

1) SYSE - One of the wavelength dispersive spectrometers was set to detect the 

Fe K a peak, and several background positions were measured on the diamond 

plate, away from any iron/nickel inclusions. About 800 counts were measured in
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FIGURE 5.09 A cathodo-luminescence photograph of plate A416M, 
showing the internal stratigraphy and the two diamond inclusions.

0.5 mm

FIGURE 5.10 A schematic diagram of plate A416M showing the 
different areas of the plate as characterized by infra-red spectroscopy.

a - Moderate nitrogen + 3107 cm'1 peak, 
b - Moderate nitrogen, 
c - High nitrogen.
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a - Moderate nitrogen + 3107 cm'1 peak.
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b - Moderate nitrogen.
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Wavenumber cm'1
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c - High nitrogen.

0.0
2 0 0 0 1 0 0 03 0 0 0

Wavenumber cm'1

FIGURE 5.11 Spectra typical of the three types collected on plate 
A416M.



360 seconds. The beam was then moved to the inclusion and 10 positions were 

measured at 3 p.m intervals along a traverse, starting just within the inclusion, and 

moving away from it (Figure 5.12). Again the count time was 360 seconds for 

each point. Within the inclusion the count was about 44X104, where as the adjacent 

diamond gave a count of about 2250. This is very much lower than the inclusion, 

but still significantly higher than the measured background. The count dropped as 

the beam was moved away from the inclusion (Figure 5.12).

2) P12 - This time one spectrometer was set to detect the Fe K a peak and 

another to detect the Al K a peak. Again, background positions were measured. 

The iron background was about 800 counts in 360 seconds (similar to SYSE). 

The aluminium background was about 5300 counts. 9 positions were measured in 

a traverse moving away from the pyrope-almandine inclusion (Figure 5.13). The 

profile for iron was very similar to the profile measured on SYSE. Aluminium was 

not detected above the background level (Figure 5.13).

In both cases the profiles for iron seem to be diffusion curves. However, 

it is possible that the area emitting the x-rays overlaps with the inclusion below 

the surface of the diamond (Figure 5.14) causing some Fe K a radiation to reach 

the detector, although if this were the case a profile may also be expected for 

aluminium although it should be noted that Al K a radiation is more readily 

absorbed than Fe K a radiation. In order to eliminate this possibility, the 

measurements should be repeated on a plate from which the inclusion has dropped 

out, leaving only a cavity. There would then be no possibility of exciting the 

inclusion.
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CHAPTER SIX

The use of infra-red spectra to identify 

separate populations of diamonds,

6.1 Introduction.

The chapter will show how, by using the results of the experiments described 

in chapter 4, the infra-red spectrum can be used to calculate either a storage 

temperature or time for a natural diamond. It was not immediately obvious whether 

this technique would be better employed in the calculation of temperatures or of 

times. However, it became clear that because of the exponential relationship of the 

rate of nitrogen aggregation with temperature, the infra-red spectrum in fact proves 

to be a very sensitive thermometer, but only over a very small temperature range. 

The time dependence of the reaction is in fact low, and if the estimation of storage 

times (using radiogenic isotope data from mineral inclusions) were the only source 

of error, then storage temperatures could be calculated very accurately. For both 

first and second order mechanisms, the Arrhenius equation is used to construct 

plots showing how the extent of aggregation depends on the storage temperature, 

storage time and the nitrogen concentration. These plots are presented in section 

6.2.

For small diamonds that have grown during a single stage, one of the 

assumptions made when calculating the storage temperature, is that the diamond 

has been stored at a constant temperature between formation and emplacement. 

The importance of this assumption is investigated in section 6.3, by a series of 

theoretical calculations, in which two stage storage at different temperatures, Tj 

and T2 is assumed. The calculations produce the final ’A* and ’B ’ concentrations 

that would be found in the diamond. These parameters can be used to calculate 

a constant temperature (TA) that the diamond could have experienced during its 

existence.

A large number of spectra, from different diamonds, were de-convoluted 

into their ’A’ and ’B ’ components (Davies 1981). Using the activation energy (Ea) 

and the pre-exponential factor ( K ^ J  calculated in chapter 4, together with an
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assumed storage time (t) these spectra were converted into storage temperatures 

(equation 6.2.03). This enables some statistical analysis of storage temperatures for 

diamonds from different mines can be performed. Results from this work will be 

presented in section 6.4.

Many large polished diamond plates show evidence of having experienced 

several growth stages. Infra-red spectra taken on a traverse across these plates 

clearly show different aggregation states in the different horizons but it has not 

yet been possible to interpret this zoning quantitatively in order to try and put 

some limits on the thermal history of zoned diamonds.

6.2 An investigation into the wav in which time, temperature and initial 

nitrogen concentration will effect the final aggregation state of nitrogen in 

diamond.

It was shown in chapter 4 that, the activation energy (Ea) and the pre

exponential factor (K J for the aggregation of ’A’ centres in diamond could be 

calculated from experimental data. By decomposing the infra-red spectrum, we 

can determine the extent of the reaction ( A J A )  (for a first order mechanism) or 

(1/A)-(1/A0) (for a second order mechanism). By assuming a storage temperature 

(T) for a diamond the storage time (t) can be calculated and v ic e  v e r sa . These 

calculations can be made by using equations 6.2.01 and 6.2.02 for a first order 

mechanism and 6.2.03 and 6.2.04 for a second order one.

T = - Ea/Rln[ln(A0/A)/tK0] (equ 6.2.01)

t = ln(A0/A)/K0exp(-Ea/RT) (equ 6.2.02)

T = - Ea/Rln[[(l/A)-(l/A0)]/tK0] (equ 6.2.03)

t = [(l/A)-( 1/A0)]/K0exp(-Ea/RT) (equ 6.2.04)



6.2.1 Assuming a first order mechanism.

Values of Ea = 864.6 KJmol'1 and IQ = 4.43xlOn sec'1 (which lie well 

within the geological windows) on the assumption that a first order mechanism 

is involved (Table 4.05), have been used with a range of values for (AyA) and 

the storage temperature in equation 6.2.02, to produce a plot showing how the 

extent of the reaction would change with time, for contours of storage temperature 

(Figure 6.01). The y-axis of the plot is %A (percent of ’A* aggregated) where:-

%A = 100(Ao-A)/Ao (equ 6.2.1.01)

therefore:

(AyA) = 100/(100-%A) (equ 6.2.1.02)

(AyA) is independent of concentration, so Figure 6.01 would be correct for

all concentrations of ’A’ centres and it can be seen from Figure 6.01 that the

reaction is very temperature sensitive. However our actual experimental values do 

not lie within the geologically acceptable window, so that if the activation energy 

is to be constrained by this window, (Figure 4.24) it does not seem profitable to 

consider a first order mechanism any further.

It would can be seen from Figure 6.01, that providing Ea and IQ were 

reliably known, the infra-red spectrum of diamond could, be used as a 

geothermometer, but only over a small (~150°C) temperature range.

6.2.2 Assuming a second order mechanism.

When only one pair of spectra was available for each stone, or the ’best’ 

pair selected from amongst replicate measurements, the errors for Ea and IQ were 

large, and the values of Ea and Ko could not be reliably derived from a best line 

f it  However, by making use of all the replicate data and using a statistical 

procedure, more reliable Ea and IQ values could be obtained (Table 4.05), and by 

using these with a range of values for (1/A)-(1/A0) and storage temperatures in 

equation 6.2.04, a plot is obtained showing how the extent of the reaction changes 

with time for contours of storage temperature (Figure 6.02).
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From equation 6.2.1.01, we find that;

A = A, - (Ao%A/100)

therefore:

(1/A) - (1/A0) = [100/(100A0-A0%A)] - (1/AJ (equ 6.2.2.01)

Unlike the first order case, the extent of the reaction; [(1/A)-(1/A0)], is 

concentration dependent, and so a series of plots have to be produced, each for 

a different total nitrogen concentration. Five such plots are shown in Figures 6.02,

a) to e). As with a first order mechanism, it can be seen from Figure 6.02 that 

providing Ea and IQ were reliably known, then the infra red spectra of diamond 

could, in principle, be used as a geothermometer, but again only over a small 

(=150°C) temperature range, the exact range being dependent upon the nitrogen 

concentration in the diamond.

6.3 On the assumption that diamonds were stored at constant temperatures, 
between growth and emplacement.

The smooth curves in Figures 6.01 and 6.02 and also the calculations in 

section 6.4 below, have all been produced assuming that diamonds remained at 

constant storage temperatures between growth and emplacement, whereas (section 

5.3) for some diamonds at least, this is not necessarily the case. Temperatures 

calculated using geothermometers for mineral inclusions in diamond were compared 

with storage temperatures calculated from the infra-red spectrum. The agreement 

was not perfect, and if the differences are significant, they could be a consequence 

of two stage storage, i.e. the diamond spent the majority of its life in the vicinity 

of its growth and was subsequently, at a much later date, emplaced at a higher, but 

cooler, level in the lithosphere and was held there for some time (long enough for 

the geothermometer to be re-set), prior to emplacement in the kimberlite.

It would be necessary for the temperature drop to be large enough for 

aggregation to be quenched, so that when the infra-red spectrum is converted to 

a storage temperature the assumed storage time would be less than that derived 

from the radiogenic isotope ages of the mineral inclusions found in diamond.

It is of interest to consider how a series of smaller temperature changes
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could affect the state of nitrogen aggregation in a diamond. Diamonds may 

experience temperature variations from either fluctuations in the environment or 

by their own movement in the mantle. For simplicity, a two stage model with 

storage temperatures Tj and T2 is applied to a diamond prior to its emplacement 

in a kimberlite.

The total storage time t, for a two stage process, is the sum of the times 

spent at T^tO and T2(t0.

t = t, + t, = Xt + (l-X)t

where X is the fraction of the time spent at Tj.

Starting with an initial concentration A0 of ’A* centres, this concentration 

of centres will be reduced to Ax after time Xt at T lt and further reduced to A2 

after a time (l-X)t spent at T2. Analyzing the infra-red spectrum produced by the 

final concentration A2 will yield a temperature TA assuming a storage time t. The 

temperature TA will be between T 1 and T2 and it is important to recognise that the 

infra-red spectra can only provide an ’average’ temperature and not the 

temperatures of the individual storage phases.

Substituting A^Tj and A2,T2 into the general second order equation:- 

(1/A) - (1/A0) = tK,exp(-Ea/RT)

gives

(1/AO - (1/Ao) = Xtl^expC-Ea/RTO (equ 6.3.01)

and

(1/AO - (1/AO = (1 -X)tK0exp(-Ea/RT2) (equ 6.3.02)

adding 6.3.01 and 6.3.02 gives

(1/A2) - (1/A0) = tK0[(l-X)exp(-Ea/RT2 + Xexp(-Ea/RTO] (equ 6.3.03)

since
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(1/Aa) -(1/AJ = tK0exp(-EA/RTA) (equ 6.3.04)

rearranging 6.3.03 and 6.3.04 gives

exp(-Ea/RTA) = [(1-X)exp(-Ea/RT2) + Xexp(-EA/RT,)] (equ 6.3.05) 

therefore

Ta = -Ea/Rln[(l-X)exp(-Ea/RT2) + Xexpt-Ea/RT,)] (equ 6.3.06)

This equation is identical to that obtainable for a first order reaction. It is 

independent of ’A ’ concentration and of the total storage time. Equation 6.3.06, 

is used to calculate the temperature from the infra-red spectrum of a diamond, 

assuming it had experienced storage at two different temperatures. This has been 

done for a range of X, where X is the fraction of the total time spent at Tj. Figure

6.03 shows the results of these calculations and it is clear that for a diamond that 

has experienced storage at two different temperatures, the apparent temperature TA, 

will be close to the higher temperature T2, even if the diamond had only been at 

T2 for a very small proportion of its storage time.

Equations 6.3.1.06 and 6.3.2.06 can be extended to apply to multi-stage 

storage. If this were the case:-

Ta = -Ea/Rln2[Xiexp(-Ea/RTi)] (equ 6.3.07)

where X; is the fraction of the time spent at temperature T;.

6.4 Use of infra-red spectra to identify separate populations of diamonds, and 

applications to data from small (1 mm) sized diamonds.

Introduction.
iII
| Equation 6.2.03 can be used to calculate a storage temperature for a

diamond, assuming that its ’A’ and ’B’ components can be calculated from the 

infra-red spectrum. The activation energy (Ea) and a constant (KJ are also

182



M 50.
5 0 0

H O O J

3  1350

e
U  1 3 0 0 :

1350

1300

1200
1100.

150

0 5 0 J
1100

1000 .

9 5 0 j
1000

900.
9 5 0

20 3 0
50

% Time at T2
6 0 9 0 070 80 90 1 00

1150.

H O O J

5  1 3 5 0 j

*- 1200.

cx
cx

<  1 100 .

1050.

1000.

950.

900.

Time at T2

FIGURE 6.03 The apparent storage temperature TA that would be calculated
for a diamond from the percentage ’A ’ ’B ’ aggregation, if the diamond
had experienced storage at two different temperatures. The lower temperature
T, is 900°C, a) T2 ranges from 950°C to 1500°C in steps of 50°C, and the
percentage time stored at T2, from 0  to 100% b) T2 ranges from 950°C to
1550°C in steps of 50°C, and the percentage time stored at T2, from 0 to 10%.

183



required, these have been calculated from the best fit line in Figure 4.25 (Table

4.05).

A large number of spectra, from different diamonds, were deconvoluted 

into their ’A’ and ’B ’ components (Davies 1981). Using the activation energy (Ea) 

and the pre-exponential factor ( K ^ )  calculated in chapter 4, together with an 

assumed storage time (t) these spectra were converted into storage temperatures 

(equation 6.2.03). This enables some statistical analysis of storage temperatures for 

diamonds from different mines can be performed.

In section 5.3, temperatures of 3 diamonds, calculated using this method 

were compared with temperatures calculated using geothermometers of coexisting 

pairs of mineral inclusions from these diamonds. When making such comparisons 

it should be remembered that although the centre of the diamond is presumably 

older than the outside of the stone, if the mechanism is second order, then the 

extent of aggregation is not only dependent on temperature and time, but also on 

concentration, and so it would be possible in principle, for a younger section of 

diamond, if it had a higher nitrogen concentration, to have a larger percentage 

aggregation than an older section.

To calculate a storage temperature, an estimate of storage time has to be 

made. It was shown in section 2.2.2.2 that some broad generalizations can be 

made with regards to storage times, e.g. that all of the peridotite suite diamonds 

grew between 3.3 and 3.2 Gy (before present time)(Figure 2.02).

The results presented in the following sections have all been calculated 

using an estimated storage time of 3.1 Gy (typical of Finsch peridotite suite 

diamonds). The reason for this is that unless a diamond has a purple or an orange 

garnet inclusion, it is impossible to allocate them, without resorting to analysis, into 

either the eclogite or the peridotite suite diamonds. For diamonds that had been 

stored for less than 3.1 Gy, this overestimate would produce an underestimate in 

the calculated storage temperature. So from observed %  aggregations shown by a 

set containing both peridotite and eclogite suite diamonds, two populations of 

storage temperatures would be calculated, even if they had actually been stored at 

the same temperature, because the eclogite suite are considerably younger.
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Hence it should be possible to separate out different populations of diamonds 

from the same localities and to compare diamond populations from different 

localities, allowing some conclusions to be drawn. The actual temperatures derived 

are strongly dependent on the activation energy used, but the temperature 

differences obtained for different populations will have the correct sign. This 

procedure will be applied to those localities for which spectra are available in order 

to assess its viability.

6.4.1 Diamonds from the Finsch mine.

Infra-red spectra were taken from a total of 175 (1 mm) diamonds from

the Finsch mine, South Africa. 125 of these diamonds gave spectra with absorption 

in the one-phonon region that was suitable for decomposition. The other fifty 

diamonds, either gave very poor quality spectra, or high background absorbances 

produced large errors, making peak height measurements meaningless. Some of 

these diamonds were type Da and therefore showed no absorbance in the one- 

phonon region.

Each diamond had spectra taken at two positions; through the centre and 

close to the edge of the diamond. The spectra were measured and decomposed as 

described in chapter 4, to give their ’A* and ’B’ centre concentrations (aA = 17.5 

and a,, = 103.8 were used to calculate ’A* (ppm) and ’B ’ (ppm) respectively 

(Collins and Lang 1990, Unpublished)). This data was used to calculate a storage 

temperature for each diamond.

For about 80% of the diamonds measured, the temperatures calculated from 

the pairs of spectra taken for each stone were within 10°C of each other, and 

showed no tendency for the central region to give higher temperatures. For the 

purposes of the frequency histograms that follow, both measurements fall within 

the same temperature interval. Pairs of spectra taken on the other 20% of the 

diamonds were of poorer quality and sometimes showed larger differences in the 

calculated storage temperatures. For these diamonds, an average value of the two 

temperatures was used for the frequency histograms.
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The data for the Finsch diamonds has been subdivided into three classes 

by morphology, i.e. Octahedral, Dodecahedral and a class called ’Shapes’, which 

is a broad group that falls between octahedra and dodecahedra (Figure 6.04) and 

the shapes have been further subdivided into different colours (Figure 6.05).

Ignoring the population at about 900°C where the errors are very large and 

900°C is really only a maximum possible temperature for these diamonds), two 

populations are seen. One at about 1040°C, the major population, and a smaller 

second one at a lower temperature. This feature is suggested in the histograms for 

each of the three morphologies examined, even for the dodecahedral diamonds,

which form a very limited data set, but is most apparent for the ’shapes’, where

the clear diamonds peak at a lower temperature.

Figure 6.04 suggests that all diamonds have experienced essentially similar 

conditions for most of their storage period prior to emplacement, and that their 

morphologies are the result of a relatively quick processes such as etching, rather 

than from growth in different environments.

Figure 6.06 shows the histogram for all of the Finsch diamonds. If it is 

assumed that each population is symmetrical, then the right hand side of the 

primary population would be a mirror image of the left hand side. Subtracting 

this from the total gives us the second population.

Population (1) : 1040 ± 10°C for 3100 my. = T, °C

Population (2) : 1000 ± 10°C for 3100 my. = Tr 40 °C

Where ± 10°C is the size of the temperature intervals used in the histogram.

Activation Energy Ea = 674.8 KJmol'1

Constant Ko = 262576.2 ppm 1 sec1

From equations 4.5.1.06 and 4.5.1.08 :

(1/AM1/AJ = tKoexp('E"/RT)
ij
; Therefore for population (2) :
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FIGURE 6.04 A frequency histogram of storage temperatures calculated 
for a set of 125 Finsch diamonds, assuming Ea (674.8 KJmol*1). InKoppo 
(+12.5) and a storage time of 3.1 Gy. The diamonds have been divided into 
groups, by morphology.

Frequency
20

900 1000 1100
Temperature (°C)

  All S h ap es — Pi nk Yellow ~ B ~  Brown Clear

Total 52 stones

FIGURE 6.05 A frequency histogram of the storage temperatures calculated 
for the group labled ’shapes’ (Figure 6.04). This group has been sub-divided 
into groups, by colour.
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(1/A)-(1/A0) = 6.341x10* ppm 1 with a maximum value of 8.628x10"* ppm"

1 and a minimum value of 3.169x10"* ppm'1

If population (2) had been at 1040 ± 10°C then it’s storage time is given 

by equation 6.2.04 :

( 1 /A M 1 /A J
t = -----------------

Koexp(E*/RT)

For population (2) the storage time would be between 1174 and 215 my 

with a mean of 168 my. Compare this with the storage time determined by 

Richardson (1989) for Finsch eclogite suite diamonds of 1460 ± 50 my.

If the peak areas are calculated for populations (1) and (2) , then population 

(1) is about 91% of the total and (2) is about 9% of the total. Harris and Gurney 

(1979) demonstrated that the peridotite suite constituted -92% of Finsch diamonds 

and the eclogite suite -8%. It was shown (section 6.1) that the shorter storage time 

for the eclogite suite would result in an apparendy lower temperature, so that our 

population (1) should belong to the peridotite suite and population (2) should 

belong to the eclogite suite, if both groups being stored at a similar range of 

temperatures.

The group labelled ’Finsch shapes’ were divided into further groups by 

colour, Figure 6.05. The pink, yellow and brown groups are all very similar with 

a peak at 1040°C and skewed to the lower temperature side. The set of white 

shapes peaked at about 1010°C, similar to population (2) from Figure 6.06. The 

frequency of the white shapes is only 4 at maximum, but this group may account 

for about half of the stones in population (2), suggesting that the clear white 

diamonds belong to the eclogite suite.

6.4.2 Diamonds from the Premier mine.

Of the 36 Premier diamonds measured, only 11 had enough nitrogen to give 

measurable absorbances in the one-phonon region of the infra-red spectrum. The

1 8 9



storage temperatures for these diamonds were internally consistent for positions 

measured within the same diamond. The results are compared with the Finsch 

diamonds in Figure 6.07. There are too few results to see much structure in the 

histogram, but there is however a definite shift of about 100°C to higher storage 

temperatures for the Premier range, relative to the Finsch range.

The Premier kimberlite was emplaced at about 1.2 Gy, and so the storage 

time assumed is almost certainly too high, a storage time of about 2.0 Gy probably 

being more realistic for the peridotite suite diamonds from Premier. If this were 

the case, then the storage temperatures for Premier would be ~10°C higher than 

those shown.

6.4.3 Diamonds from the Jagersfontein mine.

The Jagersfontein kimberlite was emplaced at about 86 my, so assuming 

that the diamonds grew at about the same time as other peridotite suite diamonds, 

their storage time will be comparable to the Finsch diamonds. As with the Premier 

diamonds, the storage temperatures have a similar range, although shifted to higher 

temperatures, relative to the Finsch diamonds, Figure 6.08. Only 11 of 24 diamonds 

measured had sufficient nitrogen to give measurable absorbances in the one-phonon 

region of the infra-red, and so the data is very limited and no structure can be 

seen in the histogram, but the average value is shifted relative to Finsch by about 

+100°C, similar to the result for Premier.

6.4.4 Diamonds from Kalimantan.

Storage temperatures were determined for 31 diamonds from different 

streams. These are plotted in Figure 6.09 for comparison with the data for Finsch 

diamonds. The range is broader than for Finsch, and shifted to only slightly higher 

temperatures, i.e. shifted by about +30/40°C (mid way between the Finsch and the 

Jagersfontein ranges). The data set also is too small to tell whether more than one 

population is present, although there is some indication that there could be a 

skewed main population, peaking at ® 1070°C, with a high temperature group at 

about 1180°C.
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FIGURE 6.08 A comparison between the storage temperatures calculated 
for Finsch and Jagersfontein diamonds, assuming the same conditions as 
for Figure 6.04.
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FIGURE 6,09 A comparison between the storage temperatures calculated 
for Finsch and Kalimantan diamonds, assuming the same conditions as for 
Figure 6.04.
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Therefore, although the absolute values of the storage temperatures calculated 

depend on the parameters used, they do allow us to compare different groups of 

diamonds, and also to resolve groups of diamonds into their constituent 

populations.
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CHAPTER SEVEN

The nature and extent of graphitisation of diamond 

under high pressure/high temperature conditions.

7.1 Introduction.

The high temperature experiments discussed in Chapter 4 were conducted 

under a triaxial pressure of 100 kbars in order to keep the diamonds within their 

stability field. Even at this pressure, the diamonds were only just within the 

diamond stable region, so a certain amount of graphite did form on the surface of 

each diamond. This gave us a rare opportunity of studying graphite grown at very 

high pressures before it had to be removed in order that spectra could be obtained 

from the diamond. The most suitable method was found, to be boiling the diamond 

in a mixture of concentrated sulphuric acid and sodium nitrate.

The results of such studies are of geological interest, since if, as is generally 

assumed, the octahedron is the dominant growth form of diamond, then the fact 

that the majority of diamonds exhibit other morphologies (particularly dodecahedra, 

of which very large numbers are found), has to be explained on the basis of some 

type of dissolution mechanism.

It is known that diamond is readily oxidised at temperatures as low as 600°C, 

and that the majority of diamonds exhibit etch features likely to have originated 

at temperatures above 900°C Frank, Puttick & Wilks, (1958), possibly via the 

action of gases present during emplacement. Hence the survival of diamond in the 

Mande over long periods of time presupposes very low levels of oxygen fugacity. 

It follows that if oxygen fugacity rises, diamonds would be completely or partially 

resorbed, and so a study of the morphological profile of a diamond population can, 

in principle, provide information about the history of that population. Such studies 

have been made for a number of mines Harris et al. (1975)

If diamond is heated to a sufficiently high temperature in the absence of 

oxygen, it is converted to graphite, and graphite-coated diamonds are found in a 

number of mines; in the Premier Mine quite large numbers are recovered, and as
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graphite is relatively soft, it is possible that other diamonds also acquired graphite 

coats which have not survived emplacement and/or recovery. This therefore 

constitutes another mechanism by which the morphology of diamond can be 

altered, and has been the subject of several investigations.

During the course of experiments conducted using the same HP/HT 

equipment at Reading as has been used in our own experiments, Davies & Evans 

(1972) found that the morphological changes which resulted from heating in  v a c u o  

were similar to those observed at pressures of about 50 kb, i.e. at pressures which 

could well be encountered in the Mantle, although as the pressure increased, a 

higher temperature was required to achieve a given graphitisation rate. These 

experiments were concerned primarily to establish the activation energy involved 

in the diamond-to-graphite conversion, and the graphite itself was removed in 

boiling acids, and was not available for diffraction studies. However, the diamonds 

were packed in hexagonal BN powder, as in these experiments, and so the results 

obtained here, where no quantitative estimate was made of the percentage of 

diamond lost, in fact complement those of Davies & Evans by extending the work 

to 100 kb and to higher temperatures and by studying the alteration of the diamond 

morphologies and the nature of the graphite formed.

7.2 Information available concerning the graphitisation of diamond.

Davies & Evans (1972) measured the rate at which diamond transforms to 

graphite as a function of pressure and temperature, and concluded that the 

rate-controlling step is the detachment of a single triply-bonded atom from a (111) 

surface, and of a single doubly-bonded atom from a (110) surface, and found an 

activation volume of 0.016 nm3 for the single atom process. (100) surfaces were 

even slower than (111) to graphitise, and this was explained in terms of the 

geometry being favourable for bridging of the pairs of dangling bonds.

|
I
|
I
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The activation energies found were:-

(100) : Probably considerably greater than 11 eV

(111): 1159 ± 75 kJ/mol (11.0 ± 0.8 eV)

(110) : 728 ± 50 kJ/mol ( 7.4 ± 0.5 eV)

Conversion of diamond to graphite occurs at surfaces because of the much 

lower density and hence much greater volume of graphite, the difference between 

molar volumes of graphite and diamond being 1.9 cm3/mol, so that internal 

graphitisation is confined to microcracks and inclusions. The graphitisation of 

diamond surfaces was seen as an autocatalytic process, initiated at discrete nuclei, 

which progressed by spreading, so that active sites increased with time until the 

whole surface was saturated. Hence the surfaces of the octahedral diamonds used 

were roughened by oxidation prior to the experiments in an attempt to saturate 

the octahedral surfaces with active sites before graphitisation commenced.

The other information relevant to these experiments is the nature and quality 

of the graphite formed. Grenville-Wells (1952) had shown that the graphite formed 

on diamond cubes, as well as on octahedra, had a strong preferred orientation 

where the c-axis of the graphite [001] was associated with the trigonal <111> axes 

of the diamond. These experiments were carried out at zero pressure, but X-ray 

photographs of natural and synthetic diamonds graphitised at 25 kb and at 75 kb 

by GE in Schenectady showed the same result (Lonsdale & Milledge, 1965). They 

also found that the quality of the graphite improved with increasing pressure, as 

the high-angle reflexions, which could not be seen at all in the zero-pressure 

specimens, became visible in the GE specimens and showed good a l /a 2  resolution 

in specimens shockloaded to 600 kb by De Carli.

This result is also of interest in connection with the graphite octahedra found 

in Morocco (Pearson et al. 1989), where preferred orientation of the same kind was 

found, supporting the conclusion that these specimens are pseudomorphs after 

diamond. This graphite is also well crystallised, and graphitisation experiments 

undertaken in connection with Pearson’s research used diamonds from the same
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suites as those used in our own HP/HT experiments to facilitate comparisons, 

which will be made in due course.

7.3 Experimental results.

7.3.1 Morphology.

The morphology and surface quality of the specimens before the HP/HT 

experiments were undertaken can be seen in the photographs in Chapter 3. Since 

these specimens had been chosen to withstand the HP/HT conditions as well as 

possible so that infrared spectra could be obtained afterwards, the original surface 

condition was generally good.

Natural {111} and {110} faces, and polished {100} faces were present on 

different specimens, so that graphitisation behaviour could be observed for all three 

important forms.

SEM photographs were taken of representative specimens, both before and 

after removal of the graphite in order to determine the morphological changes 
which had taken place, and a Laue photograph was taken of each specimen to 

determine the amount and orientation of the graphite formed. As would be 

anticipated from the results of Davies and Evans, the relatively smooth surfaces 

allowed only small and variable amounts of graphite to form in most cases, but for 

some specimens the graphite coat was thick enough to indicate the way in which 

the morphology was altering. The probability that the graphitisation process was 

controlled by the presence or absence of surface defects was reinforced by the fact 

that there did not seem to be any correlation with the strength or nature of the 

1-phonon absorption, which relates to the bulk of the stone rather than to the 

surface. Nor was their any obvious correlation with the actual temperature over the 

range used, the only diamonds which were completely graphitised being FS68 

(>2664°C) and FS96 (2406°C), both of which were involved in runs which became 

unstable for some reason, whereas the other specimens remained virtually 

unaffected.



The following specimens were chosen for more detailed examination: using 

the SEM and/or X-ray diffraction photographs:

a) Natural octahedra: FS29 (Figure 3.09a)

b) Octahedra with polished cube faces:

OF8 (Figure 3.01) 

OF14 (Figure 3.02) 

OF3 (Figure 3.03)

c) Dodecahedra:

DS17 (Figure 3.07) 

DS27 (Figure 3.06) 

DS33 (Figure 3.04) 

DS42 (Figure 3.05)

Strong 3107 cm'1 absorbance 

None 

None

Strong 3107 cm'1 absorbance 

None 

None 

None

a) Natural octahedra.

Octahedra of varying morphological perfection were heated in some of our 

experiments, and Figures 7.1a, 7.1b and 7.2a show the appearance of three of the 

Finsch stones, FS42, FS56 and FS29, before the graphite was removed. By 

comparison with the photographs in Chapter 3, it can be seen that they have 

retained their original morphology, and even (Figure 7.2a) their original surface 

features. Both FS56 and FS29 resemble the octahedral graphite specimens from 

Morocco. The quality of the graphite formed in these experiments, as for FS68 

(Figure 7.2b) is almost as good as that of the Moroccan graphite (Figure 7.2c)

b) Octahedra with polished cube faces.

These three specimens were the first set heated at Reading, and Figure 7.3a 

shows OF14 before the graphite was removed. The original morphology has again 

been preserved, as is also the case for OF8, (Figure 7.3b), though it can be seen 

from Figure 7.3c that it is soft and easily damaged during extraction of the sample 

from the HP cell. There is an indication of the existence of an inner and an outer 

region on the cube face in Figure 7.3b, and after the graphite had been removed, 

it could be seen (Figure 7.4a) that this face and the opposite (100) face had
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a) FS42 (x75)

b) FS56 (x75)

FIGURE 7.01 Graphitised octahedra before the graphite has been removed.
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FIGURE 7.02

a) FS29 before removal of the graphite. (x75)

b) Rotation photograph (Cu K ^), FS68 after recovery from high pressure cell.

c) Rotation photograph (Cu K J, Graphite octahedron from Morocco.
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FIGURE 7.03 Cubo octahedral specimens before the removal of the graphite.

a) OF14 (x85)

c) OF8 (x!70)

b) OF8 (x83)
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a) (x l30)

b) (x240)

FIGURE 7.04 OF8 after the removal of the graphite, a) Cube face showing inner 
and outer zones of roughening, sharp <111> edges, and plane (111) surface, b) 
Zoning on cube face.
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become concave. These faces had been roughened in the HP/HT experiment, as can 

be seen in Figure 7.4b, where the inner/outer region shown in 7.3b again appears, 

although as can be seen in Figure 7.5a, well defined etchpits had not been 

developed. However, the natural octahedral faces had remained smooth in the 

vicinity of the (100)/{ 111} edges, as can be seen in Figure 7.5b.

Furthermore, the {111}/{111} edges, where {110} faces would develop if 

the graphitisation rate was greater for <110> than for <111>, as found by Davies 

& Evans, appear to have remained sharp, with the suggestion of a narrow groove 

in the centre. A similar result was found for OF 14. Presumably variations in crystal 

perfection are responsible for variable graphitisation, as for variable oxidation. OF3, 

which split into two pieces during the HP/HT experiments, was covered in 

exceptionally well-oriented graphite, and X-ray results for this specimen will be 

discussed in 7.3.2 below.

Correlation with the strength of the 3107cm'1 absorbance:

One of the most interesting results obtained from OF8 was the existence 

of a rather good correlation between the thickness of the graphite formed on the 

{001} surfaces and the strength of the 3107 cm'1 ("hydrogen") absorbance, (Figure

7.6). The detection of this correlation was only possible because of the good spatial 

resolution attainable with the infrared microscope, and underlines the wisdom of 

making a detailed spectral study of such samples, small though they are, before 

using them in HP/HT experiments.

c) Dodecahedra.

This was the second group of specimens heated at Reading, and, contrary 

to the result found for OF8, DS17, which is a rounded dodecahedron of the type 

which results if octahedral faces are built up from very thin plates of gradually 

decreasing area, did not in fact produce much graphite in spite of its strong 3107 

cm'1 absorbance. Therefore the rather well-defined correlation between this 

absorbance and the extent of graphitisation found for OF8 may indicate a tied 

variable, or be confined to {100} or to polished faces only.
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a) Surface roughening of (100) but regular etch-pits are not developed. 
OF8 (x2350)

b) Other planar (111) faces and sharp <111> edges adjacent to the polished cube 
face. OF8 (x260)

FIGURE 7.05
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DS42, as can be seen in Figure 3.05, is a rounded dodecahedron, but with 

such a pronounced ridge between adjacent <111> directions that it really has 24 

faces, and might therefore be better described as a tetrahexahedron — i.e. to be 

bounded by {hkO} faces where h>k. It also has some surface defects which might 

provide nuclei for graphitisation, but again this specimen did not produce a large 

amount of graphite. X-ray results for this specimen are discussed in section 7.3.2 

below.

DS33 and DS27 had morphologies similar to DS42, but while DS33 behaved 

in a way similar to DS42, DS27 had a thicker graphite coat, underneath which it 

has retained a dodecahedral morphology, as would be expected if the <110> 

directions graphitise most rapidly.

7.3.2 Nature and orientation of the graphite produced.

As has been mentioned in 7.2, the preferred orientation obtained for the 

graphite might be invariant, with graphite [001] parallel to diamond <111>, as 

found by Grenville-Wells (1952), oriented so that graphite [001] was parallel to 

the normal of any face on which it developed, or possibly obey some other rule.

The conventional method of determining preferred orientation involves the 

construction of pole figures for each form {hkl} that is of interest (here mainly 

graphite [001] and if possible, the subsidiary orientation [100]), either from a set 

of Laue photographs taken for a series of rotations about a suitable axis in the 

substrate, or from counter data obtainable via specialised X-ray diffraction 

equipment.

Interpretation of the Laue photographs is a labour-intensive activity, but can 

yield a lot of useful information, and a suitable set of photographs such as Figure 

7.7a was taken of the very well oriented graphite on specimen OF3 before it was 

removed to enable spectra to be taken. In cubic crystals, which have high 

symmetry, care must be taken when interpreting the photographs to associate the 

correct enhancement on a particular hkl powder line with the faces involved, as can 

be seen by comparing Figure 7.7a, which was taken using a 1mm collimator, and
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a) With 1.0 mm collimator, targeting whole stone.

♦ > '

b) 0.5 mm collimator, sampling the cube faces.

c) 0.5 mm collimator, sampling two adjacent {111} faces.

FIGURE 7d)7 Laue photographs of OF3 taken for preferred orientation
determination.
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involved the whole specimen, with photographs taken using a 0.5mm collimator to 

sample the central area, Figure 7.7a, and an edge involving two adjacent {111} 

faces which were vertical, Figure 7.7c.

This set of photographs has not yet been interpreted, but information about 

the preferred orientation has been obtained for OF3 and DS42 by Dr. Milledge 

using a technique involving zero-layer Weissenberg photographs. The diamond was 

mounted with a [110] direction parallel to the rotation axis so that four {111} and 

both {100} faces were parallel to the rotation axis and so could show whether 

preferred orientation was associated with existing faces only or with particular 

crystallographic directions. Each photograph involves an oscillation of 180° so that 

two photographs are required to cover the complete 360° rotation.

Results for a diamond exhibiting cube and octahedral faces.

The composite photograph is shown in Figure 7.8. If there were no preferred 

orientation in the zero layer, then the line AB, which is the graphite (002) 

reflexion, would have the same intensity everywhere along its length. In fact there 

is evidence of preferred orientation associated not only with the <111> directions, 

where faces exist, but also with the <110> directions, where there are no faces, 
while there is only a very slight indication of orientation along the <100> 

directions, where faces do exist.

The graphite itself is better crystallised on the {111} faces, as judged by the 

fact that quite sharp 004 and 006 graphite reflexions can also be seen associated 

with the <111> directions, whereas only a rather diffuse 004 reflexion is associated 

with the non-existent {110} faces, but this result certainly indicates that graphite 

formed in HP/HT experiments is neither confined to <111> directions as suggested 

by Grenville-Wells, nor to existing faces as might be expected for a platy crystal.

Results for a dodecahedral crystal.

The comparable Weissenberg photograph for DS42 is shown in Figure 7.9. 

Here the preferred orientation is associated much more specifically with the 

non-existent {111} faces, though some is visible for some <110> and <100>
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B B

FIGURE 7.08 Zero-layer Weissenberg photograph of OF3, Cu K^B, Rotation 
axis [110], with {100} and {111} faces parallel to the rotation axis.

Camera radius - 28.65 mm
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directions. The graphite itself is of reasonable quality.

Unfortunately this technique cannot be applied to the other specimens because 

the graphite has been removed, but it may be possible to derive some information 

from the few Laue photographs taken to check each specimen for the extent of 

graphitisation. But it appears that, regardless of the morphology, G[001]/<111>D 

is always present, and that other orientations not related to the principal crystal 

faces may also be present.

"Extra" reflexions associated with the presence of platelets.

The platelet peak at ~ 1368 cm'1 in the infrared spectrum is associated with 

the presence of platelets which give rise to the well-known "extra spots" associated 

with the Bragg reflections from diamond (see, for eg. Lonsdale & Milledge, 1965). 

In our experiments the 1368 cm'1 peak was generally substantially reduced in 

intensity, but the "extra spots" are still quite strong in those specimens which were 

tested for them (Figure 7.10.) Unfortunately the strength of these extra reflexions 

was not measured before HP/HT experiments were made, but X-ray photographs 

of diamonds from the same suites having similar 1368 cm*1 peaks could be taken 

to see whether any significant changes can be observed.

7.4. Geological relevance of these results.

The activation energy determined by Davies and Evans for the 

graphitisation of (110) surfaces was 7.4 eV, which is only slightly above the value 

found in our work for ’A’—>’B’ aggregation, and it has been found that a confining 

pressure of 100 kb is necessary to prevent the specimens in such HP/HT 

experiments from being completely graphitised. If the ’A’—»’B’ activation energy 

was higher than 7.4 eV, more graphitisation might be expected than is actually 

found amongst natural diamonds, and this may be an additional argument in favour 

of a value near the bottom of the "geological window" discussed in chapter 4 .

However, the contribution of graphitisation to morphological changes is very 

difficult to assess if it is indeed autocatylitic, and thus very dependent on textural 

imperfections in the diamond crystal, and the fact that graphite-coated diamonds
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a) OF14 b) DS42

c) OF8

n

FIGURE 7.10 ’Extra spot’ photographs.
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are actually found may not necessarily mean that the graphite has originated from 

high-temperature graphitisation.

Spectra from a small number of graphite-coated specimens from Premier 

Mine were taken with the expectation that because of the high temperatures likely 

to have been involved, they would all show substantial ’A ’-V B ’ aggregation. This 

was not the case, and all diamond types, including Type lib, were encountered, 

suggesting that graphitisation was a late phenomenon imposed on any diamonds 

that happened to be present when it occurred. One possibility that arises is that 

when diamonds are oxidised, the carbon produced has to end up somewhere, and 

results obtained in this laboratory as part of an undergraduate project (Trevett, 

unpublished) indicated that the carbon is re-deposited on the diamond surface. This 

hypothesis could be tested using isotopically distinct C 0 2 as the oxidising agent, 

but this has not yet been done.
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CHAPTER EIGHT 

Conclusions and suggestions for farther work

8.1 Selection of specimens for high temperature/high pressure experiments.

A major problem encountered when doing high temperature/high pressure 

experiments is that a substantial number of runs fail for one reason or another. 

Thus some of the requirements for further work concern the fact that results were 

not actually obtained for all members of diamond suites selected to investigate 

complex phenomena by altering each variable independently.

Attempts to carry out experiments with two diamonds in the high pressure 

cell at the same time, either to act as replicate experiments or to compare results 

for different nitrogen concentrations, are not really useful unless the temperature 

gradients across the cell are known. Hence duplicate specimens of all selected 

stones should be available for single runs if comprehensive results are to be 

obtained.

Contrary to the experience of Davies & Evans (1972), our octahedral 

specimens did not suffer the substantial erosion which reduced them to 

dodecahedra, and the survival of {100} and {111} faces in good condition suggests 

that cubo-octahedra or truncated octahedra, are the best type of specimens to use, 

because good spectra can be obtained from them, and blocky specimens survive 

the high pressure/high temperature conditions best. However, it is possible that the 

difference in pressure (50 kb in their case, which is geologically realistic, as 

opposed to lOOkb in our case, which is rather high) is relevant, and more 

experiments at lower pressures would be desirable.

At the outset it was not clear whether the aggregation process obeyed first 

or second order kinetics, i.e. whether or not the rate was concentration dependent. 

Now that it seems clear that it is a second-order process, specimen selection should 

involve not only the existing aggregation state, but also the amount of nitrogen 

present.
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8.2 Experimental Considerations.

For successful runs, the most important sources of error were the estimation 

of the temperature reached after the failure of the thermocouple, and the 

temperature gradient existing across the high pressure cell. It thus seems necessary 

to continue the search for a better thermocouple, and to devise ways of establishing 

the temperature gradients in the cell at different nominal temperatures and for 

different packing materials.

Determination of the activation energy for the ’A ’—»’B’ aggregation process 

was subject to very large errors when only one pair of infrared spectra was 

available for each specimen used in a series of high pressure/high temperature 

runs, and/or when roughened surfaces resulted in very noisy spectra, so that the 

increase in aggregation was difficult to determine.

However two factors enabled us to achieve better results in this series of 

experiments than might have been anticipated. Firstly, the infrared microscope 

made it possible to obtain a series of spectra at different positions in a diamond 

before heating, and secondly it proved possible to recover the heated specimens 

with their morphology unaltered, so that the original positions used could still be 

located. This in turn meant that not only could specimens be selected for 

uniformity of the initial aggregation state, but also that much more accurate 

estimates of the extent of aggregation in each individual specimen could be made 

by combining the replicate measurements.

Unfortunately the value of replicate measurements on even the homogeneous 

specimens was not recognised at the outset, and it was largely because traverses 

were made for the irradiated stones, because they were inhomogeneous in respect 

of the radiation dose received, that much better estimates of the extent of 

aggregation achieved could be made for them. Thus in future work all specimens 

should involve replicate spectral measurements. This, however, cannot improve the 

spectra if the surfaces are too rough, as was the case with most dodecahedral 

stones. Windows are now being polished on three of these specimens to see 

whether better spectra enable them to make a more useful contribution to the 

results, and if so, repolishing of some or all heated specimens may be worth while.

214



8.3 Results concernine the ’A’—>’B* nitrogen aggregation process.

Because the experimental errors seemed to permit unacceptably wide ranges 

for the value obtained for the activation energy, possible values were constrained 

to lie within a geological window which was derived using the following 

assumptions:

1) Residence time in the Mantle: 1 — 3Gy

2) Nitrogen concentrations: 10 -- 10,000 ppm

3) Temperature range 900 -- 1500 °C

4) Percentage B aggregation: 1 -- 99

(This is not taken as 0 - 100%, because it is not known whether the end members

used in such work are true end members.)

Diamonds containing at least 3000 ppm nitrogen exist with negligible 

aggregation, and diamonds containing 100 ppm exist which show virtually complete 

aggregation. Therefore, assuming the most extreme combinations of these variables, 

activation energies must not be so low that diamonds with high nitrogen 

concentrations could not survive even at 900°C for lGy, nor so high that diamonds 

containing low concentrations of nitrogen could not achieve complete aggregation 

even at 1500°C in 3Gy.

These restrictions were sufficient to rule out any activation energy derived 

on the assumption that a first order process was involved, and attention was 

therefore concentrated on obtaining the best value of the activation energy for a 

second order process.

The problem reduces to deriving the best straight line through a set of 

experimental points (x,y) having errors associated with both x and y. This is a 

problem which can only be solved either by ignoring the errors on either x or y,
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or by assuming that there is a relation between the magnitudes of the errors in x 

and y.

In this case the errors associated with the temperatures were small (~ 2%) 

and relatively constant, and so they were ignored. This led to the derivation of 

an activation energy within the geological window provided that the data from 

the lowest temperature experiment, where the amount of aggregation was small 

and subject to very large errors of measurement, was excluded. Now that it is 

clear that a second order process is involved, the lower temperature experiments 

should be repeated with specimens having a very high concentration of nitrogen, 

so that more reliable values of the percentage aggregation can be obtained.

8.4 Relative values of the infrared absorption coefficients at 1282cm1 for ’A’ 

and ’B* nitrogen aggreeations.

There is still some uncertainty as to the absolute values of the infrared 

absorption coefficients for ’A’ and ’B’ nitrogen aggregates at 1282cm'1, but if it 

is assumed that in our high pressure/high temperature experiments all the ’A’ 

nitrogen that was lost was in fact converted into ’B’ nitrogen, then the ratio of the 

two absorption coefficients can be obtained. This ratio agreed well with the latest 

value obtained by other investigators using large diamonds having pure 

end-member spectra, or specimens with mixed spectra deconvoluted by the same 

procedures used in this thesis. It also agrees with the slightly different values 

being obtained in this laboratory using different deconvolution procedures on much 

smaller aliquots of diamond likely to be more homogeneous, and indicates that no 

serious errors were involved in pairing spectral measurements before and after 

heating.

8.5 Comparison of the activation energy obtained from high pressure/high 

temperature data with that obtained from mineral inclusion geothermometry.

Microprobe determinations of the chemical composition of coexisting pairs 

of mineral inclusions can be used to derive values of storage temperatures for the 

diamond in which they are found. If the concentration and state of aggregation of 

the nitrogen in the diamond is determined, as in the high pressure/high temperature
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experiments, from infrared spectrometry, this data can also be used to derive an 

activation energy.

The main limitation affecting inclusion geothermometry is that it is only 

applicable to co-existing inclusion pairs, which are much less common than single 

inclusions of various minerals. But it is also possible that if a diamond has been 

involved in more than one growth episode, or more than one PTT regime, the 

nitrogen aggregation data and the inclusion compositions may seem to give 

incompatible results. The data in Chapter 5 is a case in point, where the actual 

location of an inclusion broken out from a relatively large diamond, which was 

later shown to be inhomogeneous by cathodoluminescence, could not be determined 

afterwards.

Hence the procedure developed here, whereby inclusions are exposed in 

polished diamond plates so that microprobe data and spatial information from 

cathodoluminescence and infrared microspectroscopy can be correlated offers the 

most reliable method of pursuing the relationship between the two types of 

thermometer.

This technique also offers the possibility of detecting the diffusion of elements 

from inclusions into the surrounding diamond by means of microprobe 

measurements. Such measurements are strongly dependent on the actual geometry 

of the diamond/inclusion interface but preliminary results suggest that the effect is 

real, and if so, could provide very valuable geological information via comparison 

of diffusion data from the neighbourhood of mineral inclusions with that obtainable 

from diamonds synthesised under known conditions, and further measurements on 

polished plates are essential.

8.6 The platelets associated with the -1368 cm 1 absorption peak.

Although it was known from previous high pressure/high temperature 

experiments that the platelet peak diminished without any corresponding reduction 

in the intensity of the ’B ’ nitrogen aggregation state with which its growth has 

been shown to be associated, the fact that a new relationship having a different 

constant of proportionality would be found had not been anticipated. Specimens had
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not been selected with detailed investigations of the behaviour of the platelet peak 

in mind, and X-ray photographs of the extra reflexions associated with the state 

of the platelet peak before heating had not been taken.

However, infrared microspectroscopy, X-ray diffraction and image analysis 

of cathodoluminescence associated with platelets in diamonds from known localities 

now offers the possibility of gaining new insights into the history of diamonds, and 

careful attention should be paid to platelet data in future HP/HT research.

8.7 The use of nitrogen aggregation state to derive storage temperatures for 

different diamond populations.

Assuming that the nitrogen aggregation state can provide a reliable estimate 

of diamond storage temperatures in the Mantle, infrared spectroscopy is a much 

more rapid and convenient method of comparing storage temperatures than 

inclusion geothermometry. It is also non-destructive, which means that enough 

results to have some statistical significance can be obtained on diamonds classified 

in terms of, for example, size, shape quality or colour.

In this work the Finsch mine was the only locality for which infrared 

spectra had been obtained for more than 100 diamonds during the selection of 

specimens for high pressure/high temperature experiments. Histograms of the 

storage temperatures derived for these specimens indicated a well defined storage 

temperature for the majority of the stones, and suggested the possibility of a small 

peak at a lower temperature, as would be expected if most of the stones belonged 

to the peridotitic suite while a small percentage belonged to the eclogitic suite, as 

has been suggested by microprobe studies of mineral inclusions.

Storage temperature histograms for subdivisions of the Finsch stones by 

morphology and colour, and for the stones from Jagersfontein, Premier Mine and 

Kalimantan do not contain enough data to be statistically significant, but they do 

suggest higher average temperatures for the diamonds from these sources, and it 

would be easy and interesting to classify more diamonds by nitrogen aggregation 

as determined from infrared spectrometry.
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APPENDIX ONE

The apparatus used durine this work.

A l.l  The high pressure apparatus.

Chapter 4, describes the high temperature /  high pressure experiments that 

formed a major part of this project. The apparatus used is housed in the Physics 

Department at Reading university, and has been regularly employed by the group 

at Reading for a variety of high pressure experiments. A considerable amount of 

time has been spent calibrating the apparatus, and over a number of years, small 

modifications in design, have required changes in the details of the pressure and 

temperature calibration curves. Calibrations for the conditions used in our 

experiments are described in detail in chapter 3 of S. H. Robertson’s thesis (1984) 
[hereafter SHR3].

The apparatus can be considered in two parts; the press and the gasket. 

Al.1.1 The Press.

Basically used to produce very high pressures in a small volume at it’s 

centre. It consists of a tetrahedral anvil arrangement in a 500 ton hydraulic press. 

There is also a 3 KW A.C. power supply that is used to heat the sample via a 

graphite resistance heater built into the gasket. Photographs of the press are shown 

in Figure A 1.01. These are explained by a schematic diagram in Figure A 1.02.

At the heart of the press there is a steel cone. Three of the four tetrahedral 

anvils are wedged into this. Each has a flat triangular face (1.905 cm edge). When 

in position, these faces define an inverted triangular pyramidal cavity. The prepared 

gasket (see section A 1.1.3) is placed in this cavity, and the fourth anvil is lowered 

into position, above the gasket completing a tetrahedral pressure chamber. At this 

time, the four anvils are held apart by teflon spacer blocks, about 2 mm thick. The 

gasket is made of pyrophyllite, and is machined so as to fit into the volume 

between the anvils with the spacer blocks in position. The thermocouple wires are
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a)

FIGURE A1.01 Photographs showing the high pressure apparatus used 
for the aggregation experiments, a) The steel cone with three of the anvils 
and a pyrophyllite tetrahedron in situ. The top anvil is visible in the top, 
left hand comer of the picture, b) Shows the position of the steel cone 
within the apparatus. Pressure is applied by raising the bench, so that the 
upper anvil and spacer block (Figure A 1.02) are pressed against the top 
ram.
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FIGURE A1.02 A schematic diagram of the high temperature /  high 
pressure apparatus, together with the 3 KW power supply

a) Section, and
b) plan view of the tetrahedral anvil arrangement
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sprayed with teflon to reduce friction from the anvils. They are also sandwiched 

between teflon sheets, in order to electrically insulate them from the anvils. The 

anvils themselves are separated from the steel cone and spacer block by teflon and 

mylar sheets. The teflon is used to reduce friction and the mylar is used for 

electrical insulation.

The load is applied by the hydraulic press to the top anvil and a uniform 

compression is achieved by the wedging action of the cone on the three bottom 

anvils. As the pressure is increased, the space blocks compress, reducing the 

tetrahedral volume at the centre and the pyrophyllite extrudes between the anvils 

to form a sealed gasket. To ensure that the gasket extrudes as evenly as possible, 

the load is applied slowly, at a rate of 3 tons min'1.

The electrical contact is made to the heater circuit within the gasket through 

two of the bottom anvils. All of the anvils have cooling water passed through them 

for the duration of each experiment The current is applied via a 20 Amp variac 

and a step-down transformer.

Al.1.2 The Gasket.

The gasket is a tetrahedron of pyrophyllite, carefully machined (SHR3.2.1) 

to allow a graphite heater cylinder to be fitted in the centre of the tetrahedron, 

with graphite contact rods between the heater cylinder and two faces of the 

tetrahedron, completing the electrical circuit. A schematic diagram of the 

pyrophyllite gasket is shown in Figure A 1.03.

Before the sample is inserted, the larger of the two ring, disk and plug sets 

shown in Figure A 1.03, is not in place, so that the heater cylinder is open to one 

face of the tetrahedron. The holes for the thermocouple wires are drilled from one 

edge of the tetrahedron, through to the heater cylinder, at such an angle as to 

allow the thermocouple wires to be extended out of the cylinder, some way, 

enabling the two wires to be twisted together relatively easily, to form a 

thermocouple. This is then drawn back into the cylinder.

The sample is then packed as tightly as possible in dry hexagonal boron
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FIGURE A 1.03 Diagram of the pyrophyllite high pressure cell
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nitride powder. This serves two purposes; firstly to transmit the pressure evenly 

to the sample, and secondly, to insulate the sample from the heater circuit. When 

the heater cylinder is packed, the graphite disk and ring and the pyrophyllite plug 

are put in place and tungsten foil contacts glued, with an electrically conducting 

glue, to the graphite rings. These contacts prevent chemical reaction between the 

graphite and the anvil faces.

The tetrahedron is then inserted between the lower three anvils, and the top 

anvil with spacer block put in place. The press is then brought up to the required 

pressure slowly before heating is commenced.

After the completion of the experiment, the heater current is wound down, 

before the pressure is released. The gasket has to be broken to recover the sample.

Al.1.3 Temperature and pressure calibration.

The calibrations used are described in detail in SHR3.2.3. A few aspects 

of the calibration procedures are explained in the following two sections.

Al.1.3.1 Pressure calibration.

It is not possible to calculate the pressure within the gasket, simply from 

the imposed load, for two reasons; the fraction of the load transmitted through 

the gasket is not known, and the pressure will also be affected by the thermal 

expansion of the pyrophyllite tetrahedron at high temperatures.

More indirect methods have to be used to calculate the pressure at high 

temperatures. This was done here by observing the melting point of gold at various 

imposed loads and comparing these measured temperatures with the high pressure 

calibration scale proposed by Akella and Kennedy (1971).

Such measurements were made using the same set up as was used in our 

experiments, except that a three wire thermocouple was used instead of the usual 

tungsten-iridium thermocouple. This consisted of a Pt wire and a PtlO%Rh wire, 

joined by a bridge of pure gold wire. The joints were made by fusing the wires
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together.

As the temperature was increased by increasing the current to the heater 

circuit, the way in which the resistance of the gold wire changed with the e.m.f. 

of the Pt-PtlO%Rh thermocouple was displayed on a chart recorder. A sharp 

increase in the resistance of the gold indicated melting, and the thermocouple 

e.m.f. for the melting of gold under the imposed load of the run, could be read 

directly off the chart record. The melting temperature cannot be calculated directly 

from this e.m.f., unless the pressure is known. Detailed calculations of the effect 

of pressure on the e.m.f. of Pt-PtlO%Rh thermocouples have been carried out by 

Getting and Kennedy (1970). But the basic problem remains that to accurately 

calculate the pressure, the melting temperature must be known, and to calculate this 

temperature, the pressure must be known. The solution was to use an iterative 

procedure, outlined in Figure 3.5 of SHR3.2.3.1. The starting point is to estimate 

the pressure and the temperature using the calibration curves of Allen (1980) and 

the e.m.f. at which the gold melted. The iteration converges at a point when the 

pressure at the beginning of a cycle, differs by less than 1% from the pressure 

calculated at the end of a cycle.

This procedure was repeated with the same experimental set up for several 

known imposed loads, and the pressure calculated. Figure A 1.04 taken from 

SHR3.2.3.1 is the resultant calibration curve for pressure vs imposed load.

Our heating experiments on diamond require temperatures in excess of 

2500°C. In order to keep the diamond within it’s stability field at these sorts of 

temperatures, a pressure of around 100 Kb (9.9 GPa) is needed. We can see from 

Figure A 1.04 that this would require an imposed load of 190 tons.

Al. 1.3.2 Temperature Calibration.

The thermocouple used for temperature measurements during the high 

pressure experiments was made of tungsten and iridium wire. This is the standard 

thermocouple used with the high pressure equipment at Reading, for high 

temperature work (>1500°C). Unlike the Pt-Ptl0%Rh thermocouple, it can 

withstand temperatures of up to 2200°C. This is below the target temperatures of

225



-Ir
 

em
f 

(m
V)

 
PR

ES
SU

R
E 

(G
P

a) (After Robertson ; SHR3.2.3.1 Figure 3.6)

20 40  60 80 100 120 140160  180 200
LOAD (TONS)

FIGURE A1.04 Pressure calibration at elevated temperatures (>1000°C)

(After Robertson ; SHR3.2.3.2 Figure 3.8)

«V Robertson (1984)

O A L L E N ( 1 9 8 0 )

600 800  1000 1200 1400  1600  1800  2000
TEMPERATURE (°C)

FIGURE A 1.05 Calibration curves for the W-Ir thermocouple

a) High pressure (8.5 - 9.9 GPa)
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our experiments, but it is the best available.

The W-Ir thermocouple was calibrated at 9.9 GPa (99 Kb), using a four 

wired thermocouple as in SHR3.2.3.2. Here a Pt-PtlO%Rh thermocouple is attached 

to a W-Ir thermocouple within the graphite heater cylinder. A special pyrophyllite 

tetrahedron was prepared with two pairs of holes drilled from adjacent edges to the 

heater cylinder, enabling both sets of thermocouple wires to be positioned. 

Simultaneous readings of the thermoelectric voltages of the thermocouples were 

taken, and after applying the pressure correction to the Pt-PtlO%Rh thermocouple, 

the corrected temperature for the W-Ir thermocouple was calculated. The calibration 

curve for W-Ir at 9.9 GPa, and at atmospheric pressure (SHR3.2.3.2, Figure 3.8) 

is shown in Figure A 1.05. The data is extrapolated up to 2000°C, and it is 

estimated that the errors in this calibration, result in temperature measurements up 

to 2000°C having a precision of ± 25°C.

The temperatures of our experiments were above that at which the W-Ir 

thermocouple degrades, so the temperature of each of our experiments had to be 

calculated by extrapolating a plot of thermocouple voltage vs. the input power to 

the heater circuit, plotted as the cell was being brought up to it’s operating 

temperature. This tells us how the cell temperature increases with input power up 

to about 2200°C, and the extrapolation allows us to make an estimate of the 

temperature of the experiment, knowing the input power to the heater circuit. The 

error in these estimates is assumed to be at least ±50°C.

Attempts to use a different thermocouple are discussed in section 4.2.1.

A1.2 The copper masking block, used to partially irradiate diamonds prior 

to the hieh pressure / high temperature experiments.

Some of the diamonds were irradiated with 2MeV electrons before being 

used in the high pressure /  high temperature experiments (section 4.4). Because 

the infra-red microscope enabled us to collect spectra from very small areas of a 

sample, the diamonds were only partially irradiated, so that spectra could be 

collected from adjacent damaged and undamaged areas of each stone.
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In order to partially irradiate the diamonds, they had to be masked with 

copper (~4mm thick) to prevent damage from the 2MeV electrons. A copper 

masking block was constructed which enabled seven diamonds to be irradiated 

simultaneously using the Van de Graaff generator, in the Physics department at 

the University of Reading. Figure A 1.06 shows the copper base plate after 

irradiation, with seven diamonds mounted in indium metal. The top masking block 

had seven, 0.3 mm diameter holes drilled through it, one above each diamond in 

the base plate.

A1.3 The Fourier Transform Infra-Red spectrom eter equipped with a 

microscope (FTIR microscope).

The Crystallography and Mineral Physics Unit at University College London 

is equipped with a Bruker FTIR microscope (Figure A1.07). This is essentially a 

standard Bruker IFS45 Fourier Transform spectrometer with a microscope 

attachment, so that coupled to fast acquisition times and the data handling abilities 

of standard fourier transform spectrometers, we also have the capability of 

collecting spectra through extremely small samples (down to -10  (im). The 

microscope is equipped with a digital depth gauge which enables sample 

thicknesses to be measured.

The spectrometer is controlled by a disk-based program, called ATS and a 

full list of the commands and parameters used by this program is given in the 

Bruker I.F.S. User Manual.

Generally sample preparation is straight forward and simply involves cleaning 

the sample in acetone to remove any surface grease. However, after the high 

pressure experiments the graphite coat that formes must be removed. This was 

done by heating the diamond in a mixture of boiling concentrated sulphuric acid 

and sodium nitrate. The majority of the diamonds analyzed were sat on a 

horizontal KBr disk during the acquisition of the spectrum. Broken sections of 

the diamonds from Brazil (chapter 5) were mounted by picking them up on a strip 

of double sided sticky tape, stuck along the edge of a microscope slide. This is an 

extremely useful method of mounting small samples, both for analysis and storage.
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  t 1 cm

FIGURE A1.06 The base plate of the copper masking block, with 7 
irradiated diamonds still mounted after irradiation. The top plate is absent.

FIGURE A1.07 The microscope attatchment to the Bruker IFS45 Fourier 
Transform Infra-Red spectrometer (Crystallography and Mineral Physics 
Unit, Department of Geology, Univesity College, London).
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Al.3.1 Selection of m easuring conditions.

a) Spatial resolution. All of the spectra collected during this work were 

taken with the microscope using an 80 pm aperture. Although the FTIR microscope 

has a possible spatial resolution of 10 pm, this would significantly reduce the 

amount of radiation reaching the detector and hence increase the signal to noise 

ratio.

b) Wavenumber resolution. It is possible to obtain wavenumbers with a 

precision of < 1 cm'1 by using the highest resolution, but this requires a large 

number of scans. Experiments with diamond spectra have shown that the 

absorbance of the A, B and I peak heights (Figure A2.01) is not appreciably 

altered by using resolutions of 1, 2, 4 or 8 cm'1, but the heights of the peak H 

and to a lesser extent, of the platelet peak P are affected, although the areas are 

not.

Since all H measurements discussed here are comparative, and the area of 

the platelet peak rather than its height is used anyway, a resolution of 8 cm'1 has 

been used. This means absorbance data are given at ~2 cm'1 intervals. At this 

resolution, 200 scans give spectra with a low noise level from good specimens.

c) Background reference spectra Because the infra-red spectra of C 0 2 and 

of water vapour are exceptionally strong, regions around 3600 cm'1, 2545 cm'1 

and 1600 cm'1 often show substantial fluctuations, so that if these regions are of 

interest, special care has to be taken to minimise this interference by collecting a 

good reference spectrum, particularly if the spectra are to be baselined.

A1.4 The electron microprobe.

The electron microprobe used at the Department of Earth and Atmospheric 

Sciences, Purdue University, Indiana, was a Cameca SX50. Mineral analyses were 

obtained using wavelength dispersive analysis with operating conditions of 15 KV 

and 20 |lA. The standards were synthetic glasses and natural minerals of known 

composition, as follows
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Si - DJ35 *

Ti - DI2T *

A1 - DJ35 *

Cr - NL11 

Fe - P140 

Synthetic glasses.

Mg - DJ35 * 

Ca - DJ35 * 

Mn - HORT * 

Ni - NIOL * 

Na - DJ35 *

K - ORTH 

Sr - SRGL * 

P - APAT 

Ba - BARGL



APPENDIX TWO 

E rro r calculations and the FORTRAN program  .RATCAL.

A2.1 E rrors in the quantities derived from infra-red spectra.

a) Baseline subtraction. The background can be subtracted from the whole 

spectrum using a straight line from the maximum to the minimum wavenumber 

( v m «  to v min> or any sections of the spectrum may be ’baselined* independently 

between any two selected wavenumbers. In this work baselines have been 

subtracted between 2700 and 1500 cm 1 for the two-phonon region and between 

1500 and 850 cm 1 for the one-phonon region. As this procedure always reduces 

the value of the absorbance, the absorbance correction must be made before 

baselineing.

Experience shows that errors in the choice of baseline are generally of the 

order of 0.01 A (where A is the absorbance).

b) Errors in absorbance measurements. These result from the fact that the 

error in the transmitted intensity IT is approximately 0.001 of the incident intensity 

Io. Hence as IT —» O.OOHq, AIt —» 100%, and values of IT < O.OOlIo (i.e. A > 3) 

are meaningless.

c) Errors in specimen thickness determination by direct measurement. 

Specimen thickness can be measured directly by focusing the microscope on the 

top of the specimen and then on the smooth surface on which it rests, or, for 

clear specimens, by focusing through the specimen to the back face and making 

a refractive index correction.

Such measurements are facilitated on the FTIR microscope by using a digital 

depth gauge resting on the microscope stage, since focusing is achieved by raising 

or lowering the stage. The gauge can be read to 0.001mm within the accuracy of 

±0.01mm, which is the limit of judgement in focusing the specimen.
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d) Calculating the thickness bv taking the absorption coefficient of diamond

at 1992 cm'1 as 1.23 m m 1. Because of uncertainties involved in comparing 

microscope measurements with parallel-beam measurements, it is wiser to obtain 

absoiption coefficients of interest in terms of the known value at 1992 cm 1, since 

this obviates the necessity for making any thickness measurements at all. The 

validity of this procedure has been tested for diamonds plates from 0.2 to 2.5mm 

for which calculated values were in agreement with micrometer measurements of 

the polished plates (work conducted in this laboratory). In fact calculated and 

measured thicknesses were generally in agreement, but the calculated values were 

used.

Since the specimens used varied between 0.5 and 1.0mm, thickness 

measurements should have been good to *2%. Errors involved in using the 

observed absorbance at 1992 cm'1 to obtain a calculated thickness are discussed 

below.

e) Estimation of errors in the ’A’ —> ’B’ activation energy derived from the 

experimental data. The activation energy for diamond ’A’ —» ’B’ defect aggregation 

involves the temperature to which the samples were heated and the consequent 

changes observed in the infra-red spectrum.

The errors associated with temperature estimation were discussed in section 

4.2.1. The errors associated with quantities derived from the infra-red spectra must 

be calculated from the individual errors shown in Figure A2.01. where

g(Abl) is taken as ±0.01 on the basis of experience.

a(A)A3>itp depends on the precision with which I-t/Iq can be measured by be 

infra-red system.

Assuming that:

1) If Z = A+B or A-B, then a z2 = ga2 + Ob2

2) If Z = AxB or A/B, then (cJz/Z)2 = ( o J A ) 2 + (Gb/B)2

derived quantities and their associated errors were obtained via the FORTRAN 

program .RATCAL, which is given here together with notes explaining it’s 

construction. The errors derived in this way will in fact be overestimated, largely 

because the Davies deconvolution (1981) procedure is most easily applied if pAmo
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and M>Bi28o arc available as absorption coefficients and not as absorbance, and these 

values were obtained from the ratio A/B where;

A = [(A-ABL)/a-IB0] and B = [(B-Bbl)/(I-Ibl)] 

instead of from [(A-Abl)/(B-Bbl)] directly.

Work in progress in this laboratory involves a different deconvolution 

procedure, and the data will also be subjected to this different procedure by M.J. 

Mendelssohn and H.J. Milledge to obtain revised error estimates before publication.

However, the value of the activation energy is unlikely to be substantially 

altered, since the errors derived by combining the replicate measurements for each 

stone (Table 4.04) are substantially below those obtained when using only one pair 

of spectra.

Derivation of the activation energy involves fitting a straight line to the 

data in Table 4.04, taking account of the errors in both temperature and in the 

second order rate constant. This is a non-trivial statistical problem, that could only 

be solved by assuming that the errors in temperature are negligible compared to 

the errors in the rate constants (O’Brien : personal communication*)

* Dr C.M. O ’Brien - Statistical consultant, University of London Computer Center 

(ULCC)
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A2.2 A FORTRAN 77 program, designed to produce the data points for first 

and second order arrhenius plots, given the hei2 hts of infra-red peaks from 

spectra taken of our samples before and after the high pressure experiments.

c -

c - File name : .RATCAL 

c -

c - This program reads data from file : .ABDAT1 .

c - The data in this file concerns the spectra taken both before and after the 

c - high pressure experiments. Specifically it includes the un-baselined and 

c - baselined absorbance values for the peaks at 1282 cm'1 (’A’), 1175 cm'1 

c - (’B’> and * 1992 cm 1 (intrinsic T ) , the measured sample thickness, the 

c - sample name, the temperature of each experiment, and the duration of each 

c - experiment. The program then calculates, for each pair of spectra, the 

c - first and second order rate constants for the aggregation of ’A* centres, at 

c - the given temperature. It will also calculate the errors in the rate constants 

c - and measured temperatures and then write the data to the temporary files 

c - &ARRH1 (for the second order data) and &RATK1 (for the first order 

c - data), in a format suitable to use as data files for plotting routines, 

c -

c - The variables used are 

c -

c - NUM The name of the sample

c - II The baselined absorbance at 1992 cm'1

c - BS The un-baselined absorbance at 1992 cm'1

c - U1 The baselined absorbance at 1282 cm'1

c - IA The un-baselined absorbance at 1282 cm'1

c - U2 The baselined absorbance at 1175 cm'1

c - IB The un-baselined absorbance at 1175 cm'1

c - L The measured thickness (cm)

c - CL The calculated thickness (cm)

c - UA The absorption coefficient at 1282 cm'1

c - UB The absorption coefficient at 1175 cm'1

c - M UA/UB

c - UAA The absorption coefficient at 1282 cm'1 due to ’A* centres (cm 1)
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c - UBB The absorption coefficient at 1282 cm'1 due to ’B’ centres (cm 1)

c - nu The upper limit of n, allowing for the error in II

c - ED The lower limit of II, allowing for the error in II

c - AU The upper limit of U l, allowing for the error in U1

c - AD The lower limit of U l, allowing for the error in U l

c - BU The upper limit of U2, allowing for the error in U2

c - BD The lower limit of U2, allowing for the error in U2

c - XMAX The upper limit of CL, allowing for the error in CL

c - XMIN The lower limit of CL, allowing for the error in CL

c - AMAX The upper limit of UA, allowing for the error in UA

c - AMIN The lower limit of UA, allowing for the error in UA

c - EA The percentage error in UA

c - BMAX The upper limit of UB, allowing for the error in UB

c - BMIN The lower limit of UB, allowing for the error in UB

c - EB The percentage error in UB

c - EM The percentage error in M

c - EMF The fractional error in M

c - EMA The actual error in M

c - ESF The fractional error in S

c - PUA The percentage error in UAA

c - FUA The fractional error in UAA

c - EUA The actual error in UAA

c - PUB The percentage error in UBB

c - FUB The fractional error in UBB

c - EUB The actual error in UBB

c - LNK Log* of the second order rate constant

c - FLNK Fractional error in LNK

c - ELNK Actual error in LNK
c - RK1 Loge of the first order rate constant

c - FLN Fractional error in Ln(UAAiniti«/UAAfiMl)

c - FK1 Fractional error in the first order rate constant

c - EK1 Actual error in RK1

c - T Duration of experiment (sec)

c - TP Temperature of experiment (K)

c - ITP Reciprocal of temperature (K l)
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EITP Actual error in ITP

Dimension the variables

CHARACTERS NUM(18)

INTEGER N(18), Q

REAL M, L, IA, IB, H, IIU, IID, LNK, ITP 

DIMENSION Ul(160), U2(160), L(160), IA(160)

DIMENSION IB(160), H(160), BS(160), CL(160)

DIMENSION UA(160), UB(160), UAA(160), UBB(160) 

DIMENSION HU(160), IID(160), AU(160), AD(160)

DIMENSION BU(160), BD(160), AMAX(160), AMIN(160) 

DIMENSION EA(160), BMAX(160), BMIN(160), EB(160) 

DIMENSION EM(160), EMA(160), EMF(160), ESF(160) 

DIMENSION FUA(I60), FUB(160), PUA(160), PUB(160) 

DIMENSION EUA(160), EUB(160), XMAX(160), XMIN(160) 

DIMENSION LNK(160), FLNK(160), ELNK(160), RK1(160) 

DIMENSION FLN(160), FK1(160), EK1(160), T(18) 

DIMENSION TP(18), ITP(18), EITP(18)

Read the sample names from the data file .ABDAT1 in stream 5, then 

a column heading list for the output file in stream 4, specified when 

running the program

DO 20 J = 1,18

READ(5,10) NUM(J)

10 FORMAT (A5)

20 CONTINUE 

J = 0
WRITE(4,30)

30 FORMAT(lX,’ UAA EUA 7  PUA ’,

+’ UBB 7  EUB 7  PUB 7  L



+’ CL XMAX 7  XMIN ’)

c -

c - Read the spectral data from the data file .ABDAT1. The value 1.0000 has 

c - been put into the data file in order to indicate the beginning of a set of data 

c - from one sample. If this value is read, then the sample name will be written 

c - to the output file in stream 4, in order to indicate the provenance of the data 

c - that follows, 

c -

DO 50 I = 1,150

READ(5,*) Ul(I),U2(I),L(DM a)JBa),IKD,
+ BS(I)

IF (U1(D .EQ. 1.0000) THEN 

J = J+ l
WRITE(4,*) NUM(J)

GOTO 50
ELSE

ENDIF

c -

c - Calculate thickness and absorption coefficients at 1282 and 1175 cm'1 

c -

CL(I)=ALOG(10**II(I))/12.3
UA(I)=ALOG(10**U1(I))/CL(I)

UB(I)=ALOG(10**U2(I))/CL(I)

c -

c - Now use the Gordon Davies decomposition to calculate the absorption 

c - coefficient at 1282 cm'1 due to ’A* and ’B* 

c -

M=UA(I)/UB(I)
IF (M .GE. 1.5) THEN 

S=(1.88*M-1)/(1-0.5*M)

Z=1.94535 for calculating the error in M, equ A2.3.23 

ELSE

S=(2.72*M-1)/(1-0.41*M)

Z=2.75073 for calculating the error in M, equ A2.3.25 

ENDIF

239



UAA(D=(UA(I)*S/(1+S))
UBB(I)=UA(I)/(1+S)

c -

c - Calculate the error in the calculated thickness 

c -

n u a )= n (iM (B sa )^ o * * B S (i))/io o o ) equ A2 .3.10 

nD a)= n(i)-((B sa)* io**B sa))/iooo) eqU A2 .3.11

XMAX(I)=ALOG(10**mJ(D)/12.3 equ A2.3.12

XMINa)=ALOG(10**nDa))/12.3 equ A2 .3.13

c -

c - Calculate the errors in absorbance at ’A’ and ’B’ 

c -

AU(I)=U1(X)+((IA(I)*10**IA(X))/1000) equ A2.3.05 

AD(D=Ul(D-((IAa)*10*#IAa»/1000) equ A2.3.06 

BU(I)=U2(I)+((IB(I)*10**IB(I))/1000) equ A2.3.05 

B D (i)=u2a)-(aB (i)*io**iB a))/iooo) equ A2 .3.06

c -

c - Calculate the errors in the absorption coefficients at ’A’ and ’B’ 

c -

AMAX(I)=12.3*(ALOG(10**AU(I))/
! ALOG(10**nD(I))) equ A2.3.14

AMIN(I)=12.3*(ALOG(10**AD(I))/

! ALOG(10**IIU(I))) equ A2.3.15

EA(I)=50*(AMAX(I)-AMIN(I))/UA(I) equ A2.3.16 

BM AX(I)=12.3* (ALO G (10* *BU(I))/

! ALOG(10**HD(I))) equ A2.3.14

BMIN(I)=12.3*(ALOG(10**BD(I))/

! ALOG(10**nUa))) equ A2.3.15

EB(I)=50*(BMAX(I)-BMIN(I))/UB(I) equ A2.3.16

c - 

c -

c - Now work these errors through the decomposition to calculate the errors in 

c - the absorption coefficient at 1282 cm'1 due to ’A* and ’B’ 

c -

EM(D=100*(((EA(D/100)**2)
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! +((EB(I)/100)**2))**0.5 equ A23.19

EMA(D=(((EM(I)*M/100)**2)

! +(5*M/100)**2)**0.5 equ A2.3.20

EM(D=(EMA(I)*100)/M equ A2.3.21

EMF(I)=EM(I)/100 equ A2.3.21

ESF(I)=Z*EMF(I) equ A2.333 or equ A2.3.25

FUA(I)=(((EA(I)/100)**2)

! +2*(ESF(I))**2)**0.5 equ A2.3.27

FUB(I)=(((EA(I)/100)**2)

! +(ESF(I))**2)**0.5 equ A2.3.29

PUA(I)=FUA(I)*100 

PUB(I)=FUB(I)*100 

EUA(D=FUA(I)*UAA(D 
EUB(I)=FUB(I)*UBB(I)

c -

c - Write this data to the output file in stream 4 

c -

WRTTE(4,40) UAA(I),EUA(I),PUA(I),UBB(I),EUB(I),

+ PUB(D>L(I),CL(D>XMAX(D>XMIN(D
40 FORMAT(lX^9.4,F9.4,F9.4,F9.4,F9.4^9.4,F9.4,F9.4,

+ F9.4,F9.4)

50 CONTINUE

c -

c - Read the temperature and duration of each experiment from .ABDAT1 

c -

DO 60 K = 1,9

READ(5,*) T(K),TP(K),N(K)

60 CONTINUE

c -

c - Calculate the data for the second order Arrhenius plot, from consecutive 

c - pairs of spectra taken before and after the high pressure experiments; (I) and 

c - (1+1) and then write them to the output file &ARRH1 in stream 6 

c -

OPEN(6,FILE=’& ARRHl,,STATUS=’NEW ’)

J = 0
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Q = 0

DO 80 I = 1,150,2

IF (U1(I) .EQ. 1.0000) THEN 

J = J+ l
WRITE(6,*) NUM(J*2)

GOTO 80

ELSE

ENDIF

IF (UAA(I+1) .GE. UAA(I)) THEN

GOTO 80

ELSE

ENDIF

LNK(D=ALOG(((l/UAA(I+l))

! -(1/UA A(I)))/T(J)) equ A2.3.30

ITP(J) = 17TP(J)

EITP(J)=ITP(J)*50/TP(J)

FLNK(I)=((FUA(I)**2)+(FUA(I+1)**2)

! +0.125**2)**0.5 equ A2.3.31

ELNK(I) = FLNK(I) equ A2.3.32

WRITE(6,70) ITP(J),LNK(I),EITP(J),ELNK(I)

70 FORMAT(1X,E10.3,F9.4,E10.3,F9.4)

80 CONTINUE 

CLOSE(6)

c -

c - Calculate the data for the first order Arrhenius plot, from consecutive pairs 

c - of spectra taken before and after the high pressure experiments; (I) and 

c - (1+1) and then write them to the output file &RATK1 in stream 6 

c -

OPEN(6,FILE=’& RA TK l’,STATUS=,NEW’)

J  = 0

DO 100 I = 1,150,2

IF  (U1(D .EQ. 1.0000) THEN 

J = J+ l
WRITE(6,*) NUM(J*2)

GOTO 100
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ELSE

ENDIF

IF (UAA(I+1) .GE. UAA(I)) THEN

GOTO 100

ELSE

ENDIF

RKl(I)=ALOG(ALOG(UAA(I)/

! UAA(I+1))/T(J)) equ A2.3.33

FLN(I)=(((FUA(I)**2)+FUA(I+1)**2)**0.5)/

! (ALOG(UAA(I)/UAA(I+l))) equ A2.3.34

FK1(I)=((FLN(I)**2)+0.125**2)**0.5 equ A2.3.35 

EK1(I) = FK1(I) equ A2.3.36

WRITE(6,90) ITP(J),RK1(I),EITP(J),EK1(I)

90 FORMAT(1X,E10.3,F9.4,E 10.3,F9.4)

100 CONTINUE 

CLOSE(6)

STOP

END

c -

c - Programme ends 

c -

c - To run the programme type: 

c -

c - F77 .RATCAL S5 .ABDAT1 S4 &TEMP

c -

c - .ABDAT1 is the data file, and is on stream 5. &TEMP is the file that the 

c - data sent to stream 4 is written to. The results for use in the first and 

c - second order arrhenius plots are written to &RATK1 and &ARRH1, 

c - respectively. These are on stream 6. 

c -
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A2.2.1 The data set .ABDAT1 to be run with .RATCAL

0F8 
0F8 
0F14 
0F14 
0F3 
0F3 
DS42 
DS42 
DS33 
DS33 
DS17 
DS17 
FS29 
FS29 
FS56 
FS56 
FH42 
FH42 
1.0000 
1.0000 
0.9457 
0.7449 
1.2046 
0.7981 
1.0000 
1.0000 
1.5468 
0.8806 
1.3883 
0.8579 
1.0000 
1.0000 
1.4143 
0.6743 
1.0000 
1.0000 
1.4937 
1.2995 
0.9641 
0.9011 
1.5831 
1.4161 
1.5036 
1.3544 
1.4977 
1.3752 
1.6583 
1.3990 
1.0000 
1.0000 
0.2934 
0.2469 
0.3679 
0.2545 
0.2966 
0.2063 
0.3217

0.0
0.0
0.5508 0. 
0.5388 0. 
0.6364 0. 
0.5110 0 
0.0  0 
0.0 0 . 
0.8321 0 
0.7451 0. 
0.7670 0 
0.6359 0 
0.00  0 
0.0  0 
0.8301 0 
0.6344 0 
0.0 0 
0.0 0 
1.1259 0 
0.9775 0 
0.7869 0 
0.7425 0 
1.2498 0 
1.1086 0 
1.1966 0 
1.1274 0 
1.1725 0 
1.1336 0 
1.3417 0 
1.0793 0 
0.0 0
0.0 0
0.2320 0 
0.2279 0 
0.3008 0 
0.2339 0 
0.2090 0 
0.1873 0 
0.2632 0

0456 1. 
0497 0.
0512 1. 
0443 1. 
0 0. 
0 0. 
0549 1. 
0561 1. 
0537 1.
0513 1. 
0 0. 
0 0. 
0600 1. 
0360 1. 
0 0. 
.0 0, 
,0755 2, 
,0718 2, 
,0665 2, 
,0638 2. 
,0786 2, 
,0728 2 
,0786 2 
,0793 2 
.0768 2 
.0718 2 
.0831 2 
.0740 2 
.0 0 
.0 0 
.0843 1 
.0767 1 
.0829 1 
.0746 1
0721 1 

.0758 1 

.0825 1

1827 0. 
9673 0. 
6253 1. 
3259 1. 
0 0 
0 0. 
7652 1. 
.3152 1. 
.7115 1 
.5481 1 
.0 0 
.0 0 
.5750 0 
.4022 1 
.0 0 
.0 0 
.1746 1 
.2672 1 
.0965 1 
.2555 2 
.5024 2 
.3825 2 
.4594 2 
.6149 2 
.3147 1 
.5020 2 
.8760 2 
.3730 2 
.0 0 
.0 0 
.1033 1 
.2549 1 
.5859 1 
.8605 1 
.4097 1 
.0612 1 
.2404 1

7938 0. 
7429 0. 
0544 0. 
0147 0. 
0 0. 
0 0. 
0557 0. 
2101 0 . 
0973 0. 
3415 0. 
0 0. 
0 0. 
9686 0. 
3643 0. 
0 0. 
,0 0 . 
,8122 0, 
,9528 0. 
,9332 0, 
.1177 0. 
.2329 0 
.0754 0 
1633 0 

.4030 0 
9905 0 

.2690 0 
5787 0 

.0562 0 

.0  0 

.0 0 

.0439 0 

.2165 0 

.5059 0 

.5554 0 

.3086 0 

.0264 0 

.1849 0

0 0.0  
0 0.0  
2491 0.4500 
2657 0.6241 
2935 0.6750 
2453 0.9060 
0 0.0  
0 0 .0  
3190 0.5120 
.3233 0.7363 
.3124 0.6036 
.2860 0.9394 
.0 0.0  
.0 0.0  
.3378 0.5340 
.2372 1.0221 
.0 0.0  
.0 0.0  
.4398 1.1007 
.4000 1.3944 
.3835 1.5059 
.3676 1.6942 
.4299 1.2754 
.4175 1.4047 
.4368 1.3503 
.4045 1.6981 
.4386 1.2459 
.3919 1.5311 
.4852 1.6406 
.4136 1.4215 
.0 0.0  
.0 0.0  
.4718 1.2634 
.4480 1.5690 
.4819 1.7123 
.4464 1.8605 
.4283 1.5910 
.4400 1.4120 
.4684 1.3806
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0.2405 0.2045 0.0560 1.6144 1.5748 0.3200 1.6898 
0.3048 0.2256 0.0799 1.1460 1.0477 0.4590 1.3575 
0.2578 0.2623 0.0709 1.2458 1.2317 0.4168 1.5382 
0.3052 0.2411 0.0842 1.3022 1.2353 0.4739 1.4661 
0.2493 0.2250 0.0736 1.3589 1.3239 0.4247 1.6072 
0.3270 0.2640 0.0860 0.6174 0.5553 0.4876 0.7963 
0.2533 0.2377 0.0780 1.2208 1.1820 0.4525 1.5505 
1.0000 0.0 0.0 0.0 0.0 0.0  0.0 
1.0000 0.0 0.0 0.0 0.0 0.0 0.0 
1.0182 0.7986 0.0840 1.8122 1.6094 0.4785 1.2832 
1.0239 0.8054 0.0767 2.0453 1.8470 0.4136 1.3431 
1.4453 1.0546 0.0944 2.3253 1.9460 0.5461 1.4422 
1.4400 1.0484 0.0870 2.1284 1.7455 0.4781 1.1642 
1.4487 1.0710 0.0918 2.6207 2.2662 0.5304 1.6299 
1.1637 0.9327 0.0813 2.0806 1.8695 0.4419 1.2740 
1.0000 0 .0  0.0 0.0 0 .0  0 .0  0 .0  
1.0000 0 .0  0.0 0 .0  0 .0  0 .0  0.0 
0.7485 0.4156 0.0627 1.1959 0.8638 0.3434 0.8131 
0.5735 0.4635 0.0558 1.0666 0.9520 0.3092 0.8439 
0.8422 0.4655 0.0642 1.2001 0.8514 0.3502 0.7328 
0.5562 0.4564 0.0552 1.1069 1.0065 0.3082 0.9127 
0.8889 0.5157 0.0655 1.1269 0.7629 0.3737 0.6147 
0.5289 0.4283 0.0506 1.6838 1.5818 0.2704 1.4505 
0.8988 0.5242 0.0674 1.1877 0.8156 0.3837 0.6983 
0.5488 0.4559 0.0540 1.5507 1.4431 0.3040 1.3807 
0.8989 0.5233 0.0661 1.1996 0.8271 0.3690 0.6806 
0.5264 0.4205 0.0544 1.5313 1.4279 0.3080 1.3277 
0.8828 0.5043 0.0649 1.1882 0.8211 0.3735 0.6812 
0.5206 0.3998 0.0524 1.9211 1.7983 0.2984 1.7171 
0.8773 0.4821 0.0711 1.2585 0.8764 0.4055 0.7954 
0.4956 0.3605 0.0541 1.6130 1.4847 0.3033 1.4218 
0.9043 0.5392 0.0626 1.2329 0.8749 0.3666 0.7136 
0.5338 0.4193 0.0552 1.5291 1.4160 0.3138 1.3127 
0.9130 0.5256 0.0672 1.2540 0.8771 0.3914 0.7275 
0.5239 0.4131 0.0566 1.2937 1.1725 0.3302 1.1644 
0.8426 0.4911 0.0652 1.3750 1.0447 0.3774 0.8799 
0.5031 0.3640 0.0530 1.5532 1.4230 0.3022 1.3624 
0.7149 0.4264 0.0620 1.4957 1.2263 0.3537 1.0680 
0.3919 0.2891 0.0385 1.7386 1.6140 0.2101 1.6368 
0.7556 0.5110 0.0618 1.1013 0.8553 0.3696 0.7427 
0.4731 0.3203 0.0503 0.9158 0.7488 0.2905 0.8151 
0.7731 0.4998 0.0571 1.2797 1.0048 0.3265 0.8648 
0.5126 0.3845 0.0452 1.4241 1.2764 0.2658 1.2740 
0.8054 0.4904 0.0619 1.2860 0.9761 0.3365 0.8176 
0.5007 0.4021 0.0544 1.2897 1.1746 0.2954 1.1653 
0.8218 0.4636 0.0576 1.2341 0.8817 0.3436 0.7731 
0.4779 0.4001 0.0559 1.2437 1.1583 0.3130 1.1313 
0.8659 0.5441 0.0545 1.2839 0.9638 0.3339 0.7645 
0.5318 0.4160 0.0508 1.9675 1.8546 0.2855 1.7037 
0.8329 0.4808 0.0621 1.3398 0.9894 0.3461 0.8583 
0.5342 0.4071 0.0560 1.7885 1.6595 0.3237 1.5848 
0.7679 0.5070 0.0601 1.3455 1.0904 0.3306 0.9219 
0.5508 0.4040 0.0556 1.4990 1.3480 0.3191 1.2957 
0.7125 0.4290 0.0549 1.3362 1.0602 0.3077 0.9109 
0.5594 0.4063 0.0549 1.1372 0.9783 0.3192 0.9475 
1.0000 0 .0  0.0 0.0 0 .0  0 .0  0 .0  
1.0000 0 .0  0.0 0 .0  0 .0  0 .0  0 .0  
1.2692 1.1104 0.0736 1.4805 1.3386 0.4427 0.6399 
0.9347 0.9879 0.0673 1.9197 1.9709 0.4116 1.4376 
1.3007 1.1199 0.0746 1.4830 1.3163 0.4398 0.6181 
1.0156 1.0636 0.0725 1.9135 1.9754 0.4111 1.2878
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1.2620
1.0313
1.2201
1.0599
1.2494
1.0439
1.2919
1.0392
1.3655
1.0222
1.4177
0.9726
1.5576
0.7681
1.5753 
0.8228 
1.4976 
0.9088 
1.4119 
0.9862 
1.4055 
1.0029 
1.5035 
1.0069 
1.5524 
1.0472
1.5753 
1.0046 
1.4941 
0.9759 
1.4547 
0.9094 
1.0495 
0.8641 
1.5289 
0.8740 
1.4181 
0.9854 
1.0000 
1.0000 
1.7178 
0.7814 
1.6973 
0.8170
1.7321 
0.8162
1.7321 
0.8964 
1.6912 
0.9170
7200.0
6600.0
4300.0
7840.0
7840.0
8430.0
7635.0
7560.0
6372.0

1.1281
1.0868
1.0718
1.1219
1.0889
1.1082
1.1055
1.1135
1.1708
1.0588
1.2579
1.0081
1.4117 
0.7593 
1.4348 
0.8057 
1.3537 
0.9821 
1.2593 
1.0800 
1.2226 
1.0748 
1.3330 
1.0515 
1.4308 
1.0911 
1.5128 
1.0167 
1.5045 
0.9741
1.4118 
0.8869 
0.9197 
0.9448 
1.4652 
0.8448 
1.2513 
1.0100 
0.0 
0.0 
1.0224 
0.8582 
0.9875 
0.9136
1.0599 
0.8823
1.0599 
0.9830 
1.0292 
0.9875
2803.0
2853.0
2843.0
2726.0
2888.0
2519.0
2893.0
2840.0
2923.0

0.0797
0.0747
0.0744
0.0776
0.0780
0.0769
0.0877
0.0776
0.0885
0.0729
0.0857
0.0752
0.0864
0.0704
0.0869
0.0666
0.0731
0.0611
0.0892
0.0678
0.0903
0.0690
0.0764
0.0746
0.0578
0.0720
0.0630
0.0685
0.0882
0.0699
0.0840
0.0585
0.0619
0.0732
0.0636
0.0682
0.0651
0.0712
0.0
0.0
0.0703
0.0612
0.0721
0.0575
0.0674
0.0499
0.0674
0.0584
0.0674
0.0633
5
5
3
13
15
11
39
43
11

1.5546
1.6758
1.4745
1.7493
1.4789
1.7775
1.5126
1.7938
1.5849
1.7457
1.6475
1.6937
1.7947
1.7655
1.8886
1.5433
1.6989
1.7940
1.6567
1.7968
1.6331
1.8052
1.6747
1.7507
1.7347
1.6470
1.7342
1.6427
1.6956 
1.5765 
1.6547 
1.5159 
1.5012 
1.7513 
1.7366 
1.5712 
1.5618 
1.5912 
0.0  
0.0
1.9318 
1.8857 
1.8796 
1.6862
1.9030
1.6956
1.9030 
1.7026 
1.8472 
1.7863

1.4275 
1.7522 
1.3407 
1.8206 
1.3358 
1.8557 
1.3436 
1.8842 
1.4114 
1.7971 
1.5098 
1.7349 
1.6730 
1.7614 
1.7683 
1.5398 
1.5897 
1.8905 
1.5258 
1.8977 
1.4767 
1.8771 
1.5331 
1.8188 
1.6372 
1.7024 
1.6964 
1.6552 
1.7132 
1.5751 
1.6217 
1.4943 
1.3921 
1.8334 
1.6859 
1.5462 
1.4228 
1.6284 
0.0 
0.0  
1.2616 
1.9368 
1.1780 
1.8033 
1.2618 
1.7795 
1.2618 
1.7990 
1.2117 
1.8774

0.4258
0.4200
0.3978
0.4338
0.4172
0.4308
0.4733
0.4299
0.4923
0.4012
0.4650
0.4228
0.4741
0.4033
0.4725
0.3666
0.4519
0.3485
0.4798
0.3912
0.5010
0.3928
0.4645
0.4241
0.3809
0.4059
0.4026
0.3880
0.4714
0.3954
0.4510
0.3366
0.3406
0.4091
0.4009
0.3868
0.4165
0.4024
0.0
0.0
0.3956
0.3555
0.4131
0.3069
0.4023
0.2668
0.4023
0.3120
0.3955
0.3399

0.7046 
1.0441 
0.6204 
1.1346 
0.6046 
1.1431 
0.6407 
1.1841 
0.6626 
1.1135 
0.6379 
1.1595 
0.6357 
1.3987 
0.7383 
1.0362 
0.5727 
1.1757 
0.6627 
1.1981 
0.6638 
1.2211 
0.5718 
1.1588 
0.5606 
1.0168 
0.5721 
1.0620 
0.6546 
1.0150 
0.6342 
0.9603 
0.7939 
1.3089 
0.6122 
1.0945 
0.5335 
1.0215 
0.0  
0.0 
0.5881 
1.5108 
0.5823 
1.1469 
0.5732 
1.1313 
0.5732 
1.0769 
0.5471 
1.2227
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A2.3 Program notes for .RATCAL

E rrors in spectral measurements.

(i) The FTIR spectrometer has an error of 0.01% for transmitted intensities, 

therefore the error associated with strong absorbance (i.e. low transmitted intensity) 

becomes large, and is 100% for A=3. Therefore the absorbance of the 

peak+background must be used in the calculation.

(ii) To calculate absorption coefficients from the spectra the baseline, due 

to scattering, has to be subtracted from the total absorbance. This is done by a 

software utility supplied with the spectrometer, thereby removing the error due to 

measurement of the baseline position.

The calculations are made from three absorbance peaks in the mid infra-red 

region of the spectrum of diamond (Figure A2.01), namely:

A - The peak due to (IaA) at 1282 cm 1

B - The peak due to (IaB) at 1175 cm'1

I - The small dip in the intrinsic two-phonon region at about 1992 cm'1

These labels subscripted with *bl* (e.g. Aw) refer to the absorbance of the 

peaks after the base-line of the spectrum has been subtracted.

Absorbance (I) has an intrinsic error that varies with the magnitude of I, 

such that :-

I = I ± (IxlOYlOOO) (equ A2.3.01)

Similarly :-

A = A ± (Axl07l000) (equ A2.3.02)

and,

B = B ± (Bxl07l000) (equ A2.3.03)

The absorbance Aw is converted to the absorption coefficient (jiA) using 

the equation :-
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jxA = ln(10Abl)/X 

Where X is the sample thickness.

(equ A2.3.04)

The absorption coefficient can be used for comparison between specimens 

as it is thickness independent.

A2.3.1 The erro r in lndO ^1).

From equation A2.3.02 we know that : the error in A = ± (Ax1071000). 

This range in the peak height of A will be the same for A,,,, therefore :

A„ = Aw + (AxlOVlOOO) (equ A2.3.05)
and,

A, = Aw - (AxlOVlOOO) (equ A2.3.06)

Where Au and A, are the upper and lower limits respectively, of the 

magnitude of Aw. Therefore :

ln^O*") = Maximum value of lnUO^1) 

and,

InQO*1) = Minimum value of ln^O ^1)

A2.3.2 The erro r in the sample thickness (X).

The sample thicknesses used in these calculations were derived from the 

absorbance at 1992 cm'1 (section A2.1).

X (mm) = ln(l0“ )/1.23 (equ A2.3.09)

From equation A2.3.01 we know that the error in I = ± (1x10/1000). This 

range in the peak height of I will be the same for 1̂ , therefore

I„ = IN + (Ixl0)/1000 (equ A2.3.10)

and,

!, = ]* -  (IxlOtylOOO (equ A2.3.11)

(equ A2.3.07) 

(equ A2.3.08)
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Where I„ and I, are the upper and lower limits respectively, of the magnitude 

of Iw. Therefore

= ln tlO * )/!^  (equ A2.3.12)

and,

X ^  = ln(10n)/1.23 (equ A2.3.13)

Where and X ^  are the maximum and minimum values respectively 

for the thickness of sample as measured from the infra-red spectrum.

A2.3.3 The calculation of the error in the absorption coefficients of the ’A* 

and *B» peaks.

From equations A2.3.07, 08, 12 and 13

p A ^  = 1.23[ln( 10Au)]An( 10°) (equ A2.3.14)

and,

p A ^  = 1.23[ln(10A1)]An(1011) (equ A2.3.15)

Where p.Amjlx and |iAmin are the maximum and minimum possible values,

respectively for the absorption coefficient of the ’A* peak - \ iA .

The maximum and minimum values of the absorption coefficient of the *B*

beak (p.B) are calculated in exactly the same way.

The % error in p.A = 50(pAm„-pAmin)/pA (equ A2.3.16)

similarly

The %  error in pB = 50(pBm„-pBmin)/pB (equ A2.3.17)

Let the solutions to equations A2.3.16 and A2.3.17 equal EpA and EpB 

respectively.
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A2.3.4 The error in decomposing the one-phonon infra-red spectrum of 

diamond.

The infra-red absorption envelopes of the ’A* and ’B’ defects in diamond, 

overlap each other so the absorption coefficients of each of the two peaks are not 

proportional to the concentration of the defect producing the absorbance at that 

wavelength. There is an element of the neighbouring peak also to be accounted for. 

If a peak can be resolved into it’s component parts, e.g. 90% of the peak is due 

to ’A’ centres and 10% due to ’B’ centres, then these will be proportional to the 

concentration of the defect producing that part. The method used for resolving the 

spectrum into it’s *A’ and ’B ’ components was that formulated by Gordon Davies 

(1981).

Following the error in the absorption coefficients through the Gordon Davies 

decomposition is now a relatively straight forwards task:

STEP 1

M = |iA/}iB (equ A2.3.18)

therefore the % error in M ; (EM) is given by

EM = 100[(E|iA/100)2+(E^B/100)2]0:S (equ A2.3.19)

STEP 2.

The ratio of the absorption coefficients at ’A* and *B* can be used to deduce 

what proportion of the ’A* peak is due to absorption by ’A’ defects and what 

proportion to ’B’ defects. This relationship is not a simple one. The main difficulty 

is because as the *B’ peak grows, it’s position shifts by a few wavenumbers, to 

lower wavenumbers. The method measures the ’B* peak at 1175 cm'1; the peak 

position given by a high concentration of ’B’ centres. Two equations are used for 

resolving the ’A ’ peak into it’s components using the ratio M, one for a low 

proportion of ’B ’ centres, where the absorbance is measured just off the peak, and 

one for a high proportion of ’B’ centres, where the absorbance is measured on the 

peak. Obviously for situations where the ’A’ and ’B’ peak heights are similar, 

neither of these equations is entirely satisfactory. Because of this limitation, there 

is an estimated extra 5% error that should be added to the results arising from this 

calculation (Davies 1981). This error should be added to the actual (not percentage)
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error of M, calculated from equation A2.3.19. Therefore the total actual error in 

M ; (EMJ is given by

EM, = [(EMxM/100)2+(5M/l00)2]0'5 (equ A2.3.20)

and the total %  error (EM) for M is now

EM = 100(EM7M) (equ A2.3.21)

The ratio M is then used to decompose the spectrum as follows 

If M > 1.5 then :

R = (1.88M-1)/(1-0.5M) (equ A2.3.22)

If the fractional error in M = (EM./M). then the R.H.S. of equation A2.3.22 

is of the form

1.88(EM„/M)/0.5(EMyM)

Therefore the fractional error in R ; (ER*) is given by 
ERf = [(1.88EMyM)2+(0.5EMyM)2]OJS

= 1.9454EM./M (equ A2.3.23)

IF M < 1.5 then

R = (2.72M-1)/(1 -0.41M) (equ A2.3.24)

therefore;

ERf = 2.7507EM./M (equ A2.3.25)

The absorption coefficient at 1282 cm 1 due to the ’A* centres; (lAao) is 

given by

^ 12*0 = |iAxR/(l+R) (equ A2.3.26)

The fractional error in R = ERf ; from equ A2.3.23 or A2.3.25.

The fractional error in |iA = E|iA/100 ; from equ A2.3.16.

Therefore the fractional error in (iA1280 » (E(XA12«)) is given by
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EpA1280 = [(EjiA/100)2+2(ERf)2]05 (equ A2.3.27)

The absorption coefficient at 1282 cm'1, due to the ’B’ centres (ji3^ )  is 
given by

= |IA/(1+R) (equ A2.3.28)

Therefore the fractional error in (Ep8^ )  is given by

EpB12g0 = [(E|iA/100)2+ERf2]03 (equ A2.3.29)

A2.3.5 The erro r in the second order rate constan t

There is some uncertainty involved in converting p " ^  and PBi2*> into ’A*

and ’B ’ centre concentration. Because of this it was decided, that for our high 

pressure experiments, in order to calculate the rate of aggregation of ’A* centres, 

the absorption coefficient due to ’A’ at 1282 cm*1 would be used rather than the 

concentration of ’A* centres. This was considered reasonable, because only the 

pAu» terms, measured before and after the experiments were used, i.e. no pB1280 

term was involved, p * ^  is proportional to the ’A’ concentration, and the constant 

of proportionality is the same throughout.

The second order rate constant (K2) is given by

K2 = [(l/A)-(l/A0)]/t

where ; A0 - Initial concentration of ’A’centres.

A - Final concentration of ’A ’ centres, 

t - Duration of the experiment (Seconds).

But for our calculations in this section, we will use

K* = [ ( l / p ^ M l /p ^ ia J l / t  (equ A2.3.30)

When values of K2 are plotted on the Arrhenius plot 0nK2 vs



1/Temperature), the activation energy of the reaction is given by the gradient of 

the line. This will be independent of the way the values of ’A’ are expressed. 

However the pre-exponential factor (K J, i.e. the intercept on the Y-axis will 

depend on how ’A’ is expressed i.e. wether it is in mol dm'3, ppm or cm'1.

The error in measuring the duration of the experiment (Et) is about ± 30 

seconds in 120 minutes, i.e. Et is about ± 0.125 of the duration of the experiment.

The fractional error in Kj ; (EK^ is given by :-

(EKj)2 = EjiA2 + EpA,2 + 0.1252

therefore

EKj = (EpA2 + EpAc2 + 0.1252)05 (equ A2.3.31)

EpA and EpA0 are given by equation A2.3.27, where:

EjiA - fractional error in pA1280 measured after heating the sample for time

t.

EpA,, - fractional error in pA1280 measured before heating the sample.

The actual error in LnK2 equals the fractional error in K2, i.e.

InK* = LnK2 ± EK2 (equ A2.3.32)

A2.3.6 The error in the first order rate constant.

The first order rate constant Kj is given by :-

Kj = -ln(A/A0)/t = \n ( A J A ) / t

This time the units of ’A’, are irrelevant; absorption coefficients will give 

the same rate constant as concentration, because the constant of proportionality 

used for converting the absorption coefficients to concentration will cancel out.

The equation that we use is actually :-

Kx = ln(pAo12TO/pA12«))/t (equ A2.3.33)

In this case the units of the Y-axis in the arrhenius plot are simply ; Sec'1
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The fractional error in = (EpA2 + E jiA,,2)05

Therefore, the actual error in

= (EpA2+EpAo2)0'5 

The fractional error (Eln) being given by

Eln = (EpA2+Ep.Ao2)05An(|iAo1280/|lAiM0) (equ A2.3.34) 

Therefore the fractional error in Kj ; (EK1} is given by

EK, = [(Eln)2 + 0 M S 2]*5 

The actual error in lnKj equals the fractional error in K1? i.e.

InK, = InK, ± EKt

(equ A2.3.35)

(equ A2.3.36)
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